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(UNPSJB-PV 1004). A, middle caudal neural arch (UNPSJB-PV 1004/4) in right lateral 
view. B-C, middle caudal vertebra (UNPSJB-PV 1004/3). B, right lateral view. C, 
anterior view. Abbreviations: aas, anterior articular surface; lr, longitudinal ridge; nc, 
neural canal; ns, neural spine; poz, postzygapophysis; prz, prezygapophysis; tprl, 
intraprezygapophyseal lamina. Scale bar equals 10 cm………………………………...321  
Figure 5. 7: Rebbachisaurid haemal arches from the Estancia Laguna Palacios (UNPSJB-
PV 1004) in anterior view. A, anterior haemal arch (UNPSJB-PV 1004/5). B, anterior or 
middle haemal arch (UNPSJB-PV 1004/6). Abbreviations: bl, blade; hc, haemal canal. 
Scale bar equals 10 cm………………………………………………………………….322 
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ABSTRACT 
Evolution of the Caudal Vertebral Series in Macronarian Sauropod Dinosaurs: 
Morphofunctional and Phylogenetic Implications 
Lucio Manuel Ibiricu 
Kenneth J. Lacovara, Supervisor, Ph. D. 
 
 
Macronaria is one of the most abundant and most widely accepted phylogenetic sauropod 
group. One of the most common preserved parts are the caudal vertebrae which displayed 
enough morphological diversity in order to infer the morphology, phylogenetic, 
morphofunctional and paleobiological aspects of that group of sauropods. I analyzed all 
these aspects by performing a morpho-evolutionary and phylogenetic study, based on 
caudal vertebrae of macronarian sauropods. This comparative anatomical study of 
macronarian caudal series documented evolutionary caudal trends within the clade in 
greater detail. Titanosauria is the most abundant and taxonomic diverse group within 
Macronaria. An example of this is the putative new taxon, MPM-PV 1156 from the Pari 
Aike Formation, Upper Cretaceous, Patagonia. This new specimen, among other parts, 
includes a partially articulated caudal sequence as well as several related and isolated 
caudal elements. Because MPM-PV 1156, represents one of the large titanosaurian and 
the caudal section is the best represented within large titanosaurids, the complete analysis 
of these caudal elements enhanced our understanding of the caudal morphological 
diversity of this sauropod group. Thus, osteological caudal undocumented characters 
were determined. The well known caudal sequences of Andesaurus delgadoi, 
Epachthosaurus sciuttoi, MPM PV 1156 and Neuquensaurus australis represent excellent 
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taxa for the reconstruction of soft tissue and their implications for the morphology, 
phylogeny and morpho-functional patterns of titanosaurids. All these aspects were 
analyzed and inferred for these particular sauropods as well as for Titanosauria as a 
whole. Therefore, based on the soft tissue implications, three morpho-type were proposed 
and phylogenetic and morpho-functional patterns were inferred and proposed for 
Titanosauria. Furthermore, new and previously discovered sauropod dinosaur materials 
from the Upper Cretaceous Bajo Barreal Formation, central Patagonia, were described. 
The remains consist of associated and isolated axial skeletal elements recovered from 
three separate localities, and are herein assigned to the morphologically aberrant basal 
diplodocoid clade Rebbachisauridae Furthermore, the Bajo Barreal fossils constitute the 
southernmost known occurrences of Diplodocoidea. We propose that, at least in southern 
South America, a reduction in land area resulting from early Late Cretaceous 
paleogeographic changes was a causal factor in the extinction of Rebbachisauridae and 
therefore of Diplodocoidea.     
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GENERAL INTRODUCTION 
 
 Sauropod dinosaurs were the predominant herbivorous group during much of the 
Jurassic as well as an important part of the fauna assemblage in the Cretaceous 
(Upchurch et al., 2004). The sauropod dinosaurs are one of the most abundant groups 
within Dinosauria. The record, based on The Dinosauria, second edition, includes 121 
genera (Wilson and Curry Rogers, 2005). This number increased with new discoveries in 
the last six years. Therefore, Sauropoda, in addition to the largest taxonomic group of 
dinosaurs Theropoda, represent somewhat more than 60% of Dinosauria representatives 
(Wilson and Curry Rogers, 2005). Sauropods were quadruped animals which reached 
body sizes never achieved or surpassed by any living or extinct terrestrial animal 
(McIntosh, 1990b; Sereno, 1997; Powell, 2003; Hone et al., 2005). The evolutionary 
increase of sauropod body sizes entailed a reversal to quadrupedalism from the bipedality 
exhibited by basal dinosaurs (Sereno, 1997) and a reorganization of the sauropod body 
plan (Dodson, 1990; Wilson and Carrano, 1999; Wedel et al., 2000, 2003; Powell, 2003; 
Bonnan, 2004; Wilson, 2005).  
 The phylogenetic relationships of many sauropod taxa and their respective 
subgroups are controversial or still unsolved (e.g., Salgado et al.; 1997a; Upchurch, 1995, 
1998; Wilson and Sereno, 1998; Bonaparte, 1999a; Wilson, 2002; Powell, 2003; Wilson, 
2005). Nevertheless, Macronaria (Wilson and Sereno, 1998) constitutes one of the 
broadly accepted sauropod subclades. The group essentially encompasses Camarasaurus 
and Titanosauriformes (―Brachiosaurus, Saltasaurus, their common ancestor, and all of 
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its descendants, including by this definition Brachiosauridae and Somphospondyli‖, 
Wilson and Sereno, 1998, pg. 51). The group is widely geographically distributed. 
Macronarian sauropod representatives were found on all continents with the exception of 
Antarctica. The Macronaria recorded temporal range is Late Jurassic to latest Cretaceous. 
Moreover, the macronarian members are united for the following appendicular and axial 
synapomorphies: Middle and distal dorsal neural spines which display distinctive 
triangular lateral processes (i.e. transversely flared distal ends); Proximal haemal arches 
opening dorsally (i.e. absence of dorsal ―crus‖) and a nearly coplanar ischial distal shaft 
(Wilson and Sereno, 1998). 
 The osteology of macronarian sauropod dinosaurs is well known; hence the group 
includes one of the best preserved and best studied of all sauropods, Camarasaurus 
(MacIntosh, 1990a; McIntosh et al., 1990b; Ikejiri et al., 2005). Additionally, many of the 
macronarian taxa are partially or nearly complete. However, one of the most common 
parts of the axial skeleton that is generally recovered is the tail (i.e., the caudal vertebrae). 
This section of the postcranial skeleton has been used for several purposes including, 
taphonomic, systematic and morphological studies. Indeed, some of the recently named 
genera were based in this portion of the skeleton (e.g. Adamantisaurus and Baurutitan). 
Therefore, a comparative anatomical study of macronarian caudal series may be 
important to understand the relationships of constituent taxa as well as morphological and 
evolutionary trends exhibited by the tail anatomy of these dinosaurs. Thus, the 
assemblage of previously determined and newly identified caudal characters which 
should be discovered as a result of this current study constitutes a significant data set 
useful for interpreting macronarian evolutionary history. Furthermore, a detailed study of 
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the caudal series is not sufficient for drawing inferences to a high phylogenetic level, but 
is important to extend our knowledge of the explicit morphological variation of 
characters in the caudal sequences of Macronaria as well as evolutionary trends among 
the specific macronarian subclades. 
 As mentioned above, the sauropod vertebral column contains numerous diagnostic 
structures (McIntosh, 1990a; Wilson, 2005); hence, this portion of the skeleton has been 
examined particularly closely and employed by several studies to test phylogenetic 
hypotheses (e.g., Gomani, et al., 1999a; Curry Rogers, 2005) and consequently infer the 
systematic positions of disparate sauropod species. Tidwell et al. (2001) considered the 
anterior caudal vertebrae of sauropod taxa to be diagnostic. Likewise, Salgado (1996) 
cited the importance of these caudal vertebrae in the systematics of Titanosauria. Within 
this latter clade, caudal sequences are particularly abundantly represented. An example of 
this is the nearly complete large titanosaurian sauropod (MPM PV 1156) recently 
recovered from the Late Cretaceous of south of Argentina [Pari Aike Formation; 
Patagonia; Santa Cruz province (Lacovara et al., in prep.)]. The sauropod fossil record for 
the Pari Aike Formation is fragmentary, which includes, the gigantic but fragmentary 
titanosaurian sauropod Puertasaurus reuili (Novas et al., 2005), several taxonomically 
indeterminate sauropod fossils (Huene, 1929; Bonaparte, 1996; Powell, 2003; Novas et 
al., 2005) and extremely large sauropod femur (Lacovara et al., 2004). However, the 
recent discovery (MPM PV 1156) has greatly augmented the emerging sauropod fauna of 
this formation.  Among the numerous well-preserved elements of this sauropod are an 
articulated caudal sequence as well as many disarticulated caudal vertebrae and chevrons. 
Thus, in the same geologic unit associated to MPM PV 1156 as well as separate from the 
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main quarry somewhat 80 mts, others caudal remains were recovered (MPM PV 1156/A1 
and MPM PV 1156/B1-4 respectively). These materials display features which suggest 
that these caudal elements belong to a juvenile form of MPM PV 1156 and to a different 
taxon of the aforementioned nearly complete and partially articulated titanosaurian 
skeleton. Therefore, the full analysis of the Pari Aike titanosaurid caudal vertebrae is 
significant for several reasons, as follows:  (1) it may reveal previously-unrecognized 
anatomical characters that  enhance our understanding of evolutionary relationships 
within the clade; (2) it may include an important caudal character dataset for large-sized 
titanosaurian sauropods;  (3) it may result in new hypotheses of phylogenetic 
relationships within Titanosauria; and (3) it may augment our understanding of the fauna 
of the Pari Aike Formation, and therefore our knowledge of the  Late Cretaceous 
continental vertebrate assemblages of southern Patagonia. Furthermore, because MPM 
PV 1156 is one of the largest titanosaurians, the study of the articulate caudal sequence is 
significant in order to interpret the morpho-functional implications in large sauropod 
titanosaurians. 
 The paleobiology of dinosaurs is a branch of paleontology which has experienced an 
expansive scientific growth in the last years with the utilization of new technology and 
the study of bone microstructure (Hedges and Schweitzer, 1995; Horner et al., 2000; 
Starck and Chinsamy, 2002; Organ et al., 2007, among others). However, the 
morphology scars and fossae that are typically the only remaining direct evidence of soft 
tissue insertions and attachments in fossil vertebrates constitute a rich source of 
information that enables greater paleobiological understanding. Witmer (1995) outlined a 
then-novel technique, the Extant Phylogenetic Bracket (EPB) method, to make 
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anatomically sound inferences regarding unpreserved soft-tissues in extinct organisms. 
The  Extant Phylogenetic Bracket (EPB) method is based on anatomical comparisons of 
homologous structures, and as applied to non-avian dinosaurs, works with the two extant 
archosaur clades, Crocodylia and Aves. Because of their taxonomic diversity, 
titanosaurian dinosaurs constitute an excellent sauropod subgroup to analyze. Therefore, 
data from unpreserved soft-tissue on the caudal vertebrae provide an opportunity to 
analyze and interpret the morpho-functional and phylogenetic influences of such tissues 
on the caudal series in titanosaurian sauropods. 
 Diplodocoidea is the sister group of Macronaria, which together constitute the node-
based, Neosauropoda. Within Diplodocoidea, the putative basal subgroups are the 
rebbachisaurids. Bonaparte (1997) was the first to recognize Rebbachisauridae as a 
distinct sauropod clade; However based on their analysis of Limaysaurus (= 
Rebbachisaurus) tessonei, Calvo and Salgado (1995) were the first to cladistically 
support the relationship between rebbachisaurids and diplodocids (Salgado et al., 2004; 
Salgado and Bonaparte, 2007).                                                          
 Rebbachisauridae appears to be the only diplodocoid clade to survive into the Late 
Cretaceous, specifically to the Coniacian, when an extinction of this group appears to 
have occurred. Subsequent to this probable extinction, an extensive radiation of derived 
titanosaurians is recorded (Salgado et al., 2004; Coria and Salgado, 2005; Gallina and 
Apesteguía, 2005). The occurrence of several basal titanosaurian taxa in Early Cretaceous 
through early Late Cretaceous deposits in Patagonia supports the notion that these 
sauropods coexisted with diplodocoids, although the two groups seem to have occupied 
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well-differentiated ecological niches (Salgado et al., 2004; Coria and Salgado, 2005). 
Patagonian Cretaceous outcrops preserve a rich and important record of sauropod 
dinosaur evolution. The Bajo Barreal Formation (Upper Cretaceous, Patagonia, 
Argentina) is one of these examples. The Bajo Barreal Formation may be differentiated 
into two stratigraphic members that collectively preserve at least two temporally distinct 
dinosaurian faunal associations (Casal et al., 2007; Ibiricu et al., 2010). These two 
members are the Lower Member (middle Cenomanian-Coniacian), which is well exposed 
in the estancias (= ranches) Ocho Hermanos and Laguna Palacios in south-central Chubut 
Province and the Upper Member, which is well exposed in the southeastern region of 
Lago Colhué Huapi, also in southern Chubut, dates to the latest Cretaceous (Campanian-
?Maastrichtian) and exhibits a seemingly more derived faunal association. Over the 
course of several seasons of fieldwork in exposures of the Lower Member, researchers 
from the Laboratorio de Paleovertebrados of the Universidad Nacional de la Patagonia 
San Juan Bosco (UNPSJB-PV) collected numerous well-preserved sauropod specimens. 
Among these remains are a nearly complete middle cervical vertebra, two nearly 
complete proximal caudal vertebra, a proximal caudal neural arch, a middle caudal 
vertebra, a middle caudal neural arch, and two haemal arches. All of these materials 
exhibit features that allow to be interpreted as belonging to Diplodocoidea. Therefore, the 
analysis of these materials, is significant for several reasons, as follows: (1) it may add to 
the generally sparse record of Cretaceous diplodocoids; (2) it may reveal previously-
unrecognized anatomical characters that must enhance our understanding of evolutionary 
relationships within the clade; (3) it may expand the known paleogeographic range of 
these sauropods (the UNPSJB-PV material constitutes the world‘s southernmost 
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diplodocoid record); (4) it may result in new hypotheses of phylogenetic relationships 
within Diplodocoidea; and (5) it may augment our understanding of the fauna of the 
Lower Member of the Bajo Barreal Formation, and therefore our knowledge of the early 
Late Cretaceous continental vertebrate assemblages of central Patagonia. 
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CHAPTER 1: AN OVERVIEW OF THE CAUDAL VERTEBRAE SEQUENCE OF 
MACRONARIAN SAUROPOD DINOSAURS 
 
INTRODUCTION 
 
 Sauropod dinosaurs were one of the most successful, as well as one of the most 
widely distributed, groups within Dinosauria, due largely to their geographic distribution,  
temporal range, biomass, taxonomic diversity and evolution of numerous morphological 
adaptations (Wedel et al. 2000; Wilson, 2002, 2005; Upchurch and Barrett, 2005). The 
fossil record of sauropod dinosaurs, particularly the postcranial, is abundant and well 
represented. Yet despite this rich osteological record, the phylogenetic relationships of 
many sauropods are controversial (e.g., Salgado et al. 1997a; Upchurch, 1998; Wilson 
and Sereno, 1998; Bonaparte, 1999a; Wilson, 2002; Powell, 2003; Wilson, 2005). 
Nevertheless, there is broad consensus on some systematic groups, one of which Wilson 
and Sereno (1998, p. 49) termed Macronaria and defined as ―neosauropods more closely 
related to Saltasaurus than to Diplodocus‖. In practice, this clade essentially 
encompasses Camarasaurus, and Titanosauriformes.  Macronaria, together with 
Diplodocoidea, constitute the node-based clade Neosauropoda. Members of Macronaria 
are united by synapomorphies pertaining to the morphology of the middle and caudal 
dorsal neural spines, the proximal caudal chevrons, and the distal end of the ischial shaft. 
This diagnosis was accepted by and used in the analyses of many subsequent authors 
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(e.g., Gomani et al. 1999a; Sereno, 1999; Smith et al. 2001; Wilson, 2002; Alifanov and 
Averianov, 2003; Wedel, 2003, among others).  
 Macronaria and their respective subclades are diagnosed, in addition to characters in 
other part of the skeleton, by synapomorphies in the vertebral column. The caudal 
vertebrae have been examined closely and compared to several studies to test 
phylogenetic hypotheses (e.g., Gomani, et al., 1999a; Curry Rogers, 2005). Thus, the 
caudal vertebrae, particularly the proximal ones, are diagnostic at generic level (Salgado, 
1996; Tidwell et al., 2001), and some maconarians such as Adamantisaurus mezzalirai 
(Santucci and Bertini, 2006) and Baurutitan britoi (Kellner, et al., 2005) are represented 
and diagnosed for this portion of the skeleton.  
 The general body architecture of macronarian sauropods resembles those of 
sauropods in general, in having long slender necks and tails and the body supported by 
four columnar limbs (Figure 1.1). However, macronarian sauropods display several 
features in their caudal centra, neural arches, and chevrons that exhibit different levels of 
evolutionary organization. While undoubtedly important to consider, the plethora of new 
and briefly described macronarian specimens leaves open the strong possibility that new, 
as-yet unnoticed characters remain to be identified. Analysis and subsequent 
morphological interpretation of these characters will comprise a dataset that will 
strengthen our understanding of macronarian caudal evolution. 
 The determination as proximal, middle and distal caudal vertebrae in this current 
overview is based on that proposed for the authors. 
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Camarasauromorpha  (Salgado et al. 1997a) 
 Salgado et al. (1997a) were the first in recognizing the relationships among 
camarasaurids, brachiosaurids and titanosaurids (Table 1.1). They proposed a node-based 
taxon definition to the clade including, ―the most recent common ancestor of 
Camarasauridae and Titanosauriformes and all of its descendants‖.   ll 
camarasauromorphs have opisthocoelous dorsal and sacral vertebrae, dorsally open 
chevrons, ischia with deep areas by the pubis articulation and relatively long metacarpals 
(Salgado et al. 1997a; Naish and Martill, 2001)., The clade is also diagnosed by cranial 
features such as the extension over most of its length of the premaxillary ascending process 
and the splenial bone in which the rostral end reaches the mandibular symphysis (Upchurch 
et al., 2004). 
Several sauropods (e.g., Aragosaurus, Euhelopus, Haplocanthosaurus and 
Opisthocoelicaudia) have historically been nested within Camarasauridae; however, 
current phylogenetic analyses (e.g., Upchurch, 1995; Wilson and Sereno, 1998; Canudo 
et al., 2008 and Wilson and Upchurch, 2009) placed these sauropods in different 
subgroups within Neosauropoda. Several other remains have been regarded as 
camarasaurids, for example the case of the large sauropod from the Late Jurassic of 
Portugal Lourinhasaurus alenquerensis (= ― patosaurus‖ alenquerensis; 
― amarasaurus‖ alenquerensis; Dantas et al., 1998; Lapparent and Zbyskewski, 1957; 
McIntosh, 1990 respectively). Upchurch et al., 2004, support the view that 
Lourinhasaurus alenquerensis is different from Camarasaurus, and they exclude this 
taxon in their phylogenetic analysis from Neosauropoda. On the other hand, Naish and 
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Martill (2001), suggest that the Portuguese sauropod may be closely related to 
Camarasaurus. The inclusion of this taxon is not the objective of this work; however, a 
potential resolution of this problem could be achieved by reconstructing the 
paleogeographic relationship between Europe and North America (i.e., the 
paleobiogeographic relationships between Morrison Formation and Portuguese outcrops; 
see Antunes and Mateus, 2003; Mateus, 2006). Among other European taxa which also 
have been regarded as camarasaurids are ―Chondrosteosaurus gigas‖ from the Early 
Cretaceous of the Isle of Wight, England (Naish and Martill, 2001) and isolated teeth 
from the Neocomian of Teruel, Spain (Ruiz-Omeñaca, et al. 1997). 
The presence in Gondwanaland of camarasaurids have also been suggested 
(Salgado and Bonaparte, 2007; Novas, 2009), supported by the occurrence of 
Tehuelchesaurus benitezii (Rich, et al., 1999) from Late Jurassic of Argentina. Originally, 
this sauropod was related with cetiosaurids, particularly with the Chinese sauropod 
Omeisaurus (Rich, et al. 1999); however, the intermediate condition of the pleurocoels in 
the presacral vertebrae, the opisthocoelous condition of the dorsals and features in the 
coracoid, suggest their affiliation within Neosauropoda. However, the opisthocoelous 
condition of the dorsal vertebrae may support their inclusion in a high position in the 
above-mentioned clade (i.e., as a basal Macronaria)(Salgado and Bonaparte, 2007; 
Novas, 2009).  
Camarasaurids are indisputably known from one of the best preserved and best 
studied of all sauropods, Camarasaurus (MacIntosh, 1990a; McIntosh et al. 1990b, 
McIntosh, et al. 1996a-b; Upchurch et al. 2004), particularly well represented in the Late 
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Jurassic of North America ( Hunt et al. 1994; Ikejiri, et al. 2005). Camarasaurus is 
represented for four species; C. grandis, C. lentus, C. supremus and C. lewisi 
(=‖ athetosaurus‖ lewisi). Camarasaurids are medium-size sauropods, which display 
dominance in North America, as they are one of the most common sauropod dinosaurs in 
Morrison Formation together with diplodocid sauropods (Dodson, et al. 1980; Foster, 
2005). Therefore, the description of caudal vertebrae of basal macronarian sauropods is 
based on this North America taxon. 
CAUDAL VERTEBRAE 
Proximal caudal vertebrae  
The tail of the medium-sized Camarasaurus is composed of 53 caudal vertebrae. 
This count is supported with the occurrence of two complete caudal series (McIntosh et 
al., 1996a, Wilson, 2005). 
The proximal caudal vertebrae of Camarasaurus (Figure 1.2) are amphicoelous, 
with both articular surfaces slightly concave. However, the cranial surfaces are more 
gently concave than the caudal surfaces. The centra are strongly compressed 
craniocaudally and the centra articular surfaces are oval in outline. The cranial articular 
surfaces are slightly taller than the caudal articular surfaces. Thus, the borders, of both 
articular surfaces, are well- marked. Although the morphological shape of the proximal 
caudal centra are very similar about the caudal vertebrae six, the centra increase its 
length.  The transverse processes display different morphology through the proximal 
caudal vertebrae section.  The cranialmost shows a vertical ―aliform form‖ transverse 
process, however, it clearly differs from the morphology seen in the sister linage 
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Diplodocoidea (e.g. Diplodocus, Barosaurus, some rebbachisaurids). The shape of the 
transverse processes, which are observable in cranial and caudal view, is determined for 
their insertion which extends from centrum to neural arch. Through the rest of the 
proximal caudal sequence the transverse processes are horizontally oriented and 
dorsoventrally flat, and the distal border of the transverse processes is caudally oriented. 
The neural canals are well marked and subtriangular in shape. The neural spines show the 
pre- and postspinal laminae; however both are limited to the ventral part, just above of 
the neural canal. In the most proximal caudal vertebrae (i.e., the first and second) the 
cranial faces of the neural spines are curved. The prezygapophyses are short and the 
postzygapophyses are well pronounced. One of the features which distinguishes the 
proximal caudal vertebrae of Camarasaurus is the expanded apex (= ―T-shape‖) of the 
neural spines. Moreover, in dorsal view the neural spine outline, exhibits subtriangular, 
semispherical, and ovoid contours respectively through the proximal section of the caudal 
sequence. The neural spines are slightly backward directed.  
Middle caudal vertebrae  
The middle caudal centra are slightly amphicoelous (pers. obs.) to amphiplatyan. 
As in the proximal caudals, the cranial articular surfaces are more concave than the 
caudal articular surfaces. Although, slightly developed, there is a remnant of transverse 
processes through the proximal portion of the middle caudal vertebrae. The articular 
surfaces are subcircular in contour and the centra gently increase its craniocaudal length. 
In lateral view, the middle caudals display a strong ridge which migrates in the centra, in 
a different position through the middle sequence. The neural arches are located in the 
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cranial half of the centra. The open and circular neural canals are strongly marked; 
however the size of the neural canals decreases distally. The prezygapophyses are short 
and slightly surpass the dorsal margin of the cranial articular surface. The 
postzygapophyses are subcircular in contour and their caudal margins slightly exceed the 
caudal articular surfaces. The neural spines are wider craniocaudally than transversally 
and they are caudally oriented. 
Distal caudal vertebrae 
The distal caudal vertebrae are amphicoelous. The centra are longer than high. In 
ventral view, they display ―sand-glass‖ shape. The articular surfaces are circular in 
outline and the dorsal edges of the cranial surfaces are slightly higher than the caudal 
surfaces. The neural canals, although smaller, are still present through the most distal 
caudals. The neural arches are located in the cranial to middle half of the centra. In the 
most proximal caudal vertebrae of the distal sequence, the prezygapophyses gently 
surpass the cranial articular surfaces. On the other hand, in the most distal caudal, the 
prezygapophyses are at the level of the cranial articular surfaces. The margins of the 
postzygapophyses are at the level of the caudal articular surfaces. However, in the 
distalmost caudals, the cranial and caudal margin of the postzygapophyses clearly 
surpasses the posterodorsal edge of the caudal articular surfaces. The neural spine is 
inclined caudally in all the distal caudal vertebrae. 
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Haemal arches 
The most proximal haemal arches are ―Y-shaped‖ and distally they became ―V- 
shaped‖. The haemal arches are dorsally open (i.e. the dorsal ―crus‖ is absent) and the 
articular facets are well developed. The haemal canals in the proximal chevrons, occupy 
less than the 50% of the total length. Distally, the opening of the haemal canals increase 
as a result of the ―V-shape‖. The distribution of the chevrons is restricted to the distal 
portion of the tail. 
Aragosaurus ischiaticus (Sanz et al., 1987) 
As mentioned above, Aragosaurus was recovered as a representative of 
Camarasauridae (Camarasauromorpha; sensu Salgado et al. 1997a). This European taxon, 
was found in Spain (Teruel) in outcrops of the Lower Cretaceous in age. The holotype of 
Aragosaurus ischiaticus includes pelvic and appendicular material. Thus, this European 
sauropod includes caudal elements such as proximal, middle and distal caudal vertebrae 
as well as several haemal arches. Based mainly on the position of the lateral bulge below 
the greater trochanter in the femur, Canudo et al. (2001) suggests that Aragosaurus may 
be included within Titanosauriformes as a basal representative. Thus, Canudo et al. 
(2001) suggest that other features displayed for the teeth and the relative size of the 
humerus and femur may also differentiate Aragosaurus from basal macronarian 
sauropods (i.e., Camarasaurus).  
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The proximalmost preserved caudal vertebra of Aragosaurs ischiaticus (Sanz, et 
al., 1987), is amphicoelous, with the cranial surface more concave than the caudal 
surface. The articular surfaces are subcircular in outline and the centrum is 
craniocaudally compressed. The neural canal is subcircular and prominent. The neural 
arch is placed on the cranial border of the centrum. The prezygapophyses are relatively 
short and craniodorsally oriented whereas the postzygapophyses are small. Thus, their 
margins are located behind the caudal surface. The neural spine is slightly wider 
craniocaudally than transversally. In cranial view, the neural spine displays the expanded 
apex as seen in other macronarian sauropods, particularly in the basal ones. The cranial 
face of the neural spine is curved. The distal caudal vertebrae of Aragosaurus ischiaticus 
(Sanz, et al., 1987; Lamina 2, pag. 50) are slightly amphicoelous with both articular faces 
gently concave. The centra are longer than they are high. The neural arches are located in 
the cranial half to the middle of the centra. The neural canals are subcircular in contour 
and they still are well marked. The prezygapophyses barely surpass the cranial border of 
the articular surfaces, whereas the postzygapophyses are well beyond the caudal articular 
surfaces. The low neural spines are caudally inclined. 
Aragosaurus shares several features observed in basal macronarian sauropods, 
particularly, in the North American taxon Camarasaurus. These features are the 
amphicoelous centra in the proximalmost caudal vertebrae, the expanded apex and the 
cranial curved faces of the proximal neural spines. Moreover, Camarasaurus and 
Aragosaurus share the character of strongly projecting postzygapophyses, which surpass 
the distal articular surfaces in the distal caudal vertebrae. Based on the evidence from 
caudal vertebrae, the features discussed above are found neither in brachiosaurids nor in 
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basal titanosauriforms, with the exception of the amphicoelous condition. The position of 
the lateral bulge in the femur, a feature which is exhibited for titanosauriform sauropods, 
may differentiate Aragosaurus from Camarasaurus; however, the evidence shown for the 
caudal vertebrae could have positioned this European taxon within Camarasauromorpha. 
Unfortunately, Aragosaurus has not yet been included in a cladistic analysis, so its 
relationships among macronarian sauropods are not yet clear. 
Haplocanthosaurus (Hatcher, 1903) 
Another of the most representative skeletons of sauropod dinosaurs belongs to 
that of Haplocanthosaurus (Figure 1.2). Several nearly complete skeletons (excluding the 
skull) from the Morrison Formation have been attributed to this Late Jurassic taxon as 
well as others remains; therefore, its anatomy is well known. However, its relationship 
within Neosauropoda is still poorly understood (Upchurch et al. 2004). Despite the 
attempts of several workers, phylogenetic position of Haplocanthosaurus fluctuates in 
different subgroups within Sauropoda (i.e., as a cetiosaurid sauropod, a basal 
diplodocoid, a sister taxon of Neosauropoda and a basal macronarian sauropod; see 
McIntosh, 1990; Calvo and Salgado, 1995; Upchurch, 1998; and Wilson and Sereno, 
1998, respectively).  
  Several features of the tail, such as the strongly compressed caudal centra, the 
shape and the condition of the articular surfaces in the proximal caudal vertebrae, the 
―aliform‖ transverse processes in the proximalmost caudals and specially, the curved 
cranial face of the neural spine in the proximal most caudal vertebra, may suggest their 
inclusion within Macronaria (i.e., as a basal representative of that group). However, the 
18 
 
unusual combination of characters throughout the postcranial skeleton makes it difficult 
to determine its systematic position within Sauropoda (Upchurch et al., 2004).    
Brachiosauridae (Riggs, 1904) 
Wilson and Sereno (1998) defined Brachiosauridae (Table 1.1) as 
―Titanosauriforms more  closely related to Brachiosaurus than to Saltasaurus, including, 
by this definition, the French, ‗Bothriospondylus,   d g s  rensis’  Br  hi s urus, 
Eucamerotus, and ―Pleurocoelus‖ ( pag. 20). On the other hand, Taylor (2009) offers a 
new clade definition, in order to avoid the use of genera rather the species, which may be 
used as specifiers. Moreover, if the genera are included in a phylogenetic definition, the 
type of the genus should be used. According to that, Taylor (2009) proposed the 
following definition of Brachisauridae: ― ll taxa more closely related to Brachiosaurus 
altithorax Riggs 1903 than to Saltasaurus loricatus Bonaparte and Powell 1980‖ (p. 804). 
Owing the fact that, Brachiosaurus brancai should be generically separate of Giraffatitan 
and in combination must be re-named as Giraffatitan brancai (Taylor, 2009). This 
generic re-definition was based on the differentiation of 26 characters through the 
postcranial skeleton. Whether or not the African taxon should be generically distinct is 
beyond the scope of this study. Therefore, in this current manuscript while the African 
taxon is considered the original nomenclature is retained. Thus, Brachiosaurus is 
represented by two species, B. altithorax and B. brancai.  
Brachiosauridae encompass several taxa, Brachiosaurus brancai from the 
Tengaduru region, East of Africa and the North American taxa Brachiosaurus altithorax, 
Sauroposeidon proteles (Wedel, et al., 2000),  and Sonorosaurus thompsoni (Ratkevich, 
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1998). This later taxon is controversial regarding its systematic position within 
Brachiosauridae (Upchurch et al., 2004). Chure, et al., (2010) recently described a new 
brachiosaurid sauropod, Abydosaurus mcintoshi from the Middle Cretaceous of Utah 
(i.e., post ―Neocomian in age‖). The description of the holotype is based on a complete 
skull in tandem with four articulate cervical vertebrae. The cladistic analysis shows that 
Abydosaurus is nested within Titanosauriformes as a sister-taxon of Brachiosaurus. Thus, 
Chure, et al., (2010) mentioned the occurrence of associated postcranial materials which 
may belong to the holotype.  The postcranial materials include a partially articulated 
caudal sequence; unfortunately, these materials have not received yet a full description. 
Therefore, they are not included in this study.   
 Other remains, historically, have been included within Brachiosauridae such as 
―Pelorosaurus conybearei‖, ―Ornithopsis hulkei‖, ―Oplosaurus armatus‖ and 
―Eucamerotus foxii‖ from the Early  retaceous of England. The fragmentary condition of 
the materials, the ontogenetic controversy as well as their status (i.e., whether or not they 
represent the syntypes and if they are or not synonymies) hamper the taxonomic 
classification of these taxa; however, they may be recognized as incertae sedis (Martill 
and Naish, 2001; Upchurch et al., 2004).  
Therefore, the caudal analysis of the Brachisauridae is based on the holotype, of 
Brachiosaurus altithorax and Brachiosaurus brancai. The North America taxa 
Sauroposeidon proteles and Sonorasaurus thompsoni are not included because the 
absence of caudal materials in the former and the fragmentary nature of the caudal 
materials preserved in the latter.  
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CAUDAL VERTEBRAE 
Proximal caudal vertebrae 
The relatively short tail of brachiosaurids appears to be composed of 53 elements 
(McIntosh, 1990a, pag. 60 Tab. 4.1); however, there is no evidence for a complete caudal 
sequence. The Brachiosaurus altithorax type specimen includes the first two caudals. In 
contrast, Brachiosaurs brancai (Figure 1.3) has several nearly complete caudal series. In 
the North American taxon holotype, B. altithorax, only the second caudal is 
morphologically informative (Taylor, 2009); therefore, only in the description of the 
caudal vertebrae sequence is this caudal element included. 
The most proximal caudal vertebrae are gently amphicoelous (=platycoelous) and 
the centra are craniocaudally compressed. The articular surfaces are circular in outline. 
Although, the second caudal of B. altithorax and B. brancai resemble each other in 
several morphological aspects such as the absence of pleurocoels, the amphicoelous 
centra, the morphology and orientation of the transverse processes and the neural spines, 
both taxa also differ in other aspects. The articular surface of the second caudal vertebra 
of B. altithorax is wider than those seen in B. brancai. Likewise, the neural arch is also 
taller in the North American specimen than in the African taxon. In cranial view, the 
neural spine, although very similar in their general morphology, in B. altithorax, is 
transversely wider than in B. brancai.  
The dorsoventrally compressed transverse processes are located at the base of the 
neural arches. They project caudally and their distal edges slightly surpass the caudal 
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articular surface. The triangular distally tapering transverse processes show, in dorsal 
view, subrectangular shape. 
The neural arches are placed in the cranial half of the centra. The circular neural 
canals are strong. The relatively short prezygapophyses are craniodorsally oriented, at 
least in the most proximal caudals, and clearly overpass the cranial articular surfaces. The 
postzygapophyses are robust and circular in contour and their caudal margins gently 
exceed the articular border of the caudal surfaces. 
The caudally inclined neural spines are wider craniocaudally than transversally 
and their cranial faces are straight. The neural spines bear both the pre and postspinal 
laminae. 
Middle caudal vertebrae 
The amphicoelous middle caudal vertebrae centra display circular articular 
surfaces and they are moderately wider than high. The cranial articular surfaces are 
slightly higher than the caudal articular surfaces. The neural canals are open and still 
strong through the middle caudal vertebrae. The neural arches are placed in the cranial 
half to middle of the centra. The transverse processes are reduced and located in the base 
of the neural arches. The prezygapophyses are gently craniodorsally oriented. The facets 
of the postzygapophyses are sub-circular in outline and their caudal edges slightly 
reached the caudal articular surfaces. The vertically oriented neural spines are wider 
craniocaudally than transversally. 
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Distal caudal vertebrae 
The distal caudal vertebrae are amphicoelous. The articular surfaces are circular 
in contour and they are wider than high. The centra are progressively longer than high.  
Moreover, the distal caudals display prominent open neural canals. The neural arches are 
located in the cranial to middle part of the centra. The prezygapophyses surpass the 
cranial articular surfaces, whereas the postzygapophyses either reach the caudal articular 
surfaces or slightly surpass the dorsal margins of the caudal articular surfaces. The low 
neural spines are caudally inclined. 
Haemal arches  
 ll are characterized by the opening of the haemal canal, the ―Y-shaped‖ in the 
proximal ones and the ―V-shaped‖ in the distal ones. They show strong articular facets by 
the ventral insertion in the caudal centra. The haemal arches exhibit a relatively long and 
laterally compressed shafts or rami. The axis of the haemal canal opening in the most 
proximal chevrons is somewhat less than the 50% of the total length. In the most distal 
chevrons, the haemal opening length increase as result of the reduction in the size of the 
ramus change of shape.  
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―Basal Titanosauriformes‖ 
The first to offer a definition for Titanosauriformes were Salgado et al. 
(1997a)(Table 1). They refer to this clade as ―the most recent common ancestor of 
Brachiosaurus brancai, Chubutisaurus insignis and Titanosauria and all of its 
descendants‖(Table 1.1) .They diagnose this clade by the occurrence of six diagnostic 
synapomorphies through the postcranial skeleton; one of these is the cranially positioned 
neural arches in the mid- and distal caudal centra.  Taylor (2009) recently offered a 
cladistic definition based on the re-evalution of the relationship between B. altithorax and 
B. (Giraffatitan) brancai. He proposed the name Titanosauriformes for the clade 
including ―the most recent common ancestor of Brachiosaurus altithorax Riggs 1903 and 
Saltasaurus loricatus Bonaparte and Powell 1980 and all its descendants.‖  
 Several taxa are placed within titanosauriform dinosaurs; however, the morphology 
of some of them appears to be more closely related to brachiosaurid sauropods than to 
basal somphospondylan or basal titanosaurian sauropods (e.g., Andesaurus delgadoi). 
Paluxysaurus jonesi (Rose, 2007), and Pleurocoelus nanus (Marsh, 1888) (=?Astrodon 
johnsoni, Carpenter and Tidwell, 2005)  are included in the caudal vertebrae description 
as ―basal‖ titanosaurifom sauropods. Pleurocoelus nanus is represented by several 
juvenile skeleton remains (Tidwell, et al. 1999; Rose, 2007); therefore; some of the 
features of the caudal vertebrae may show some degree of ontogenetic variation. 
However, that taxon is included in this section of basal titanosauriform sauropods. 
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CAUDAL VERTEBRAE 
Proximal caudal vertebrae 
 The proximal caudal centra of Paluxysaurus jonesi (Figure 1.4) and Pleurocoelous 
nanus are amphiplatyan. The articular surfaces are circular to subcircular in outline. 
Pleurocoels are absent in the lateral faces. The most proximal caudal centra of P. nanus , 
and Paluxysaurus are higher than wide,. The transverse processes are triangular and they 
are pointed caudally; however, in the cranial most caudal vertebra, the transverse process 
is deep as well as attached dorsally and ventrally on the neural arch and centrum 
respectively. The neural arches are located cranially on the centra of the cranial caudal 
vertebrae. Likewise, the open neural canals are circular in contour and strong. The 
prezygapophyses are relatively short in Paluxysaurus; in contrast, in P. nanus they extend 
well beyond the dorsal margins of the centra. The prezygapophyses are craniodorsally 
directed in the most proximal caudal vertebrae of Paluxysaurus and Pleurocoelous 
nanus; however, through the most distal ones they are nearly horizontal. The 
postzygapophyses are relatively short in both North American taxa and the caudal margin 
gently reaches the caudal articular surfaces. The neural spines are short and they are 
slightly caudally inclined; however, the cranialmost neural spine in P. nanus is nearly 
vertically oriented. The neural spines are gently wider transversally than craniocaudally. 
According to Rose (2007), distinct spinoprezygapophyseal and spinopostzygapophyseal 
laminae are present in the holotype of Paluxysaurus. 
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Middle caudal vertebrae 
 The middle caudal vertebrae of Paluxysaurus and P. nanus are amphiplatyan with 
circular to subcircular articular surfaces. The centra lengths increase craniocaudally and 
the centra are slightly wider than high. In Paluxysaurus the dorsal margin of the centra 
are craniodorsally inclined. The neural arches are located in the cranial part of the centra. 
The open neural canals are strong and circular in outline.  The transverse processes, in the 
proximal most middle caudals, decrease in size, but they still taper distally. The 
prezygapophyses are long, particularly in Paluxysaurus and in both titanosaurifom 
sauropods extend well beyond the cranial margins of the articular surfaces. The 
prezygapophyses are nearly horizontal through the middle caudal sequence. The 
relatively short postzygapophyses barely reach the dorsal margin of the caudal articular 
surfaces in the most proximal middle caudals. However, throughout the most distal 
middle caudal vertebrae, the cranial and caudal edges of the postzygapophyses are behind 
the caudal articular surfaces. The erect neural spines are short and slightly transversally 
wider than they are craniocaudally.  
Distal caudal vertebrae 
 The distal caudal vertebrae are amphiplatyan. The articular surfaces are circular and 
the craniocaudal length of the centra increase distally. The neural arches, are positioned 
in the cranial part of the centra, however, it is not placed in the cranial border as the most 
cranial caudal vertebrae. The open neural canals are circular and strongly marked through 
the most distal caudals. In the first section of the distal caudals, the neural arches are high 
laterally.  The prezygapophyses are horizontally oriented and decrease in size, although 
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they clearly surpass the dorsal margin of the cranial articular faces. The 
postzygapophyses are short and their cranial and caudal margins either reach or gently 
overhand the dorsal border of the caudal articular surfaces. The neural spines are low and 
caudally directed.   
Haemal arches  
 The open haemal arches in Paluxysaurus are narrow and ―Y‖ shaped. The shaft 
length of the chevrons is greater than the length of the haemal canals. The chevron 
opening occupies less than the 40% of the total length of the haemal arches, a feature 
shared with brachiosaurid sauropods (Rose, 2007). The articular facets for the ventral 
insertions in the caudal vertebrae are round and project medially. 
―Derived Titanosauriformes‖ 
 According to the phylogenetic definitions mentioned above, either Brachiosaurs 
altithorax or Brachiosaurus brancai are considered the basal most titanosauriform 
representatives. These two taxa are from the Late Jurassic when the continents still were 
grouped forming the supercontinent Pangea; therefore, after the separation of Pangea, a 
titanosauriform diversification may have occurred (Canudo et al. 2008). It is supported 
with the presence in the Early  retaceous of several Laurasian ―derived‖ titanosauriforms 
such as Cedarosaurus weiikopfae (Tidwell, et al., 1999), Venenosaurus dicrocei 
(Tidwell, et al. 2001) and Tastavinsaurus sanzi (Canudo et al. 2008).  
 Current cladistic analyses disagree about the systematic position of some of the taxa 
mentioned above. For example, Rose (2007), nested Cedarosaurus and Venenosaurus 
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within Titanosauriformes, outside of Somphospondyli. Thus, he placed Phuwiangosaurus 
as a basal somphospondylan sauropod (Figure. 34, pag. 44). Likewise, Cedarosaurus and 
Venenosaurus form a dichotomy with a bootstrap value relatively high. Nevertheless, the 
phylogenetic analysis of Canudo et al. (2008), differs in some aspects with that of Rose 
(2007) regarding to the position of Titanosauriformes. Canudo et al. (2008) grouped 
Tastavinsaurus and Venenosaurus in an exclusive node within Somphospondyli and 
Cedarosaurus as a sister taxon of a dichotomy formed by Phuwiangosaurus and 
Andesaurus (Figure. 18, pag. 727).  Upchurch et al., (2004), include Brachiosaurus and 
Cedarosaurus within Titanosauriformes. Both taxa form a dichotomy, however, the value 
of the bootstrap is relatively low. Thus, Phuwiangosaurus is placed as a basal 
titanosaurid (Figure. 13.18, pag. 297). Based on the postcranial morphology in general 
and the caudal vertebrae morphology in particular, in addition to the phylogenetic result 
discussed above, the following taxa are analyzed as ―derived titanosauriform‖: 
Cedarosaurus, Tastavinsaurus and Venenosaurus.    
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CAUDAL VERTEBRAE 
Proximal caudal vertebrae 
 The total number of caudal vertebrae of this group of Cretaceous sauropods, is 
unknown; however, the three taxa analyzed herein include well represented caudal 
materials.  
The most proximal caudal vertebrae of Cedarosaurus (Figure 1.4) (Tidwell, et al. 1999) 
display distinctive centra articulations. The cranial articular surfaces are gently concave 
whereas the caudal articulations are flat. In contrast, either Venenosaurus (Tidwell, et al., 
2001) or Tastavinsaurus (Figure 1.3) (Canudo et al., 2008) display different morphology 
in the most proximal caudals. The former exhibits some degree of convexity in the 
cranial articular surfaces of the first caudal. However, the development of the cranial 
convexity clearly differs of that seen in the Asian titanosaurid Opithocoelicaudia 
(Borsuk-Bialynicka, 1977), in which the cranial articular surfaces are markedly convex. 
Intriguingly, the development of the cranial articular surface of the most proximal caudal 
of Venenosaurus resembles those of basal diplodocoids (i.e. rebbachisaurids, pers. obs.) 
than those of derived titanosaurids (i.e., O. skarzynskii). The second caudal recovered in 
Venenosaurus is amphyplatyan. Conversely, in the European taxon, Tastavinsaurus, the 
cranial articular surfaces are concave whereas the caudal articular surfaces are weakly 
procoelous; however, the caudal condyle is much less developed than those in titanosaur 
(e.g., Basal titanosaurids, excluding Andesaurus, and lithostrotians).  The articular 
surfaces of the proximal most caudal vertebrae are circular to subcircular. Although, the 
three taxa display craniocaudally compressed centra, the craniocaudal compression is less 
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marked in Cedarosaurus.   One of the features which clearly differentiates Venenosaurus 
from either Cedarosaurus or Tastavinsaurus is the presence of strong and well defined 
lateral depressions (i.e., pleurocoels) which are divided by an internal ridge.  Although, in 
Cedarosaurus lateral fossae are described in the proximal most caudal vertebrae, they are 
poorly developed (Tidwell et al., 2001). The distally tapering transverse processes extend 
from the centra to the neural arches. They are dorsoventrally flat, particularly in 
Tastavinsaurus. The neural canals are strong marked as well as circular to subcircular in 
contour. The neural arches are located in the cranial half of the caudal centra. The 
prezygapophyses in Cedarosaurus and Tastavinsaurus are craniodorsally elevated and its 
articular facets are gently medially oriented; unfortunately, this intervertebral articulation 
was not preserved in Venenosaurus. The postzygapophyses in Tastavinsaurus are robust 
and subcircular in outline, and barely reach the cranial dorsal margin of the articular 
surfaces. In Cedarosaurus they are nearly placed in the middle part of the centra. On the 
other hand, the preserved postzygapohyses of Venenosaurus are small and its margin is 
gently behind that of the caudal dorsal border of the articular surfaces. The neural spines 
in the most proximal caudal vertebrae of Cedarosaurus and Tastivinsaurus are cranially 
inclined, whereas the most proximal caudal vertebra preserved of Venenosaurus is 
vertical. Moreover, Cedarosaurus and Tastavinsaurus share relatively low neural spines, 
in contrast to the neural spine of Venenosaurus which is two times the height of the 
centrum. The transverse breadth differs among these three taxa. In Tastavinsaurus, it is 
slightly wider than long, whereas in the cranial most neural spine of Venenosaurus it is 
almost the same. Conversely, in Cedarosaurus, the neural spines are wider 
craniocaudally than transversally. Either Tastavinsaurus or Venenosaurs show expanded 
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apex in the mostcranial neural spines, although, those seen in Tastavinsaurus close 
resembles of the basal macronarian (e.g. Camarasaurus). The neural spines of 
Cedarosaurus, Tastavinsaurus and Venenosaurus, in lateral view are rectangular to 
subrectangular. Thus, the tops of the neural spines of these two last taxa are gently 
convex. 
Middle caudal vertebrae 
 The middle caudal vertebrae of Cedarosaurus are amphicoelous, whereas in 
Tastavinsaurus they are weakly amphicoelous. However, in the latter the cranial articular 
surfaces are gently concave and weakly concave or somewhat flat caudally.  The 
preserved middle caudals of Venenosaurus, in contrast, exhibits amphiplatyan caudal 
centra.  Through the middle sequence, the centra become progressively craniocaudally 
elongated. The articular surfaces are circular to subcircular in outline in Cedarosaurus 
and Venenosaurus. Conversely, in Tastavinsaurus the articular surfaces vary from 
subcircular to subhexagonal (Canudo et al. 2008). Although the middle caudals of 
Cedarosaurus shows some diagenetic deformation (Tidwell et al. 1999), the neural canals 
appear to be marked and circular in contour, whereas those present in Tastavinsaurus are 
strongly marked and circular. Intriguingly, both Cedarosaurus and Tastavinsaurus share 
a ―bump‖ in their cranial and caudal articular surfaces with an unknown function 
(Canudo et al. 2008). Thus, this feature is comparable to that in the proximal caudal of 
the Gondwanan somphospondylan Malarguesaurus florenciae (Gonzalez Riga, et al., 
2008, per. obs., see below). The neural arches are located in the cranial portion of the 
caudal centra; however, in the three taxa, they are not placed in the cranial border as their 
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proximal caudal counterpart. The prezygapophyses are slightly craniodorsally elevated in 
Cedarosaurus and Tastavinsaurus. In Venenosaurus, the base of the prezygapophyses as 
preserved (Tidwell, et al. 2001; Figure 11.4, pag. 146) appear to be also slightly 
craniodorsally elevated. The prezygapophyses are well beyond the cranial border of the 
articular surfaces. The postzygapophyses are circular to subcircular in outline and they 
are located behind the border of the caudal articular surfaces.  The neural spines of the 
middle caudal vertebrae become lower than the most proximal ones, losing their lateral 
rectangular to subrectangular shape and, as result of it, they become laminated and 
craniocaudally elongated.  
Distal caudal vertebrae 
 The distal caudal vertebrae of Tastavinsaurus resemble those of the middle caudal 
vertebrae in the amphicoelous condition of the articular surfaces. However, the distalmost 
caudal vertebrae are procoelous (Canudo et al. 2008). The articular surfaces are circular 
in outline as well as their centra are elongated. As the middle caudal vertebrae, the most 
cranial distal centra display ―bumps‖ on the ventral size of the articular surfaces. The 
distal caudal vertebra of Venenosaurus is amphiplatyan with circular articular surfaces. 
The neural arches in Tastavinsaurus and Venenosaurus are located in the cranial portion 
of the centra. Thus, the proximalmost distal neural arches are laterally tall as those 
observed in the basal titanosauriform Paluxysaurus. The prezygapophyses extend well 
beyond the cranial articular surfaces, whereas the postzygapophyses are either behind the 
caudal articular surfaces or at the level of the caudal articular surfaces. The neural spines 
became progressively lower. 
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Haemal Arches  
 The hemal arches in Tastavinsaurus display different morphology (Canudo et al. 
2008). The most proximal are Y-shaped, whereas the most distal are V-shaped. The first 
recovered show a curved distal end which points caudally. On the other hand, on the rest 
of the haemal arches the distal ends are expanded cranially and caudally. As in many 
other sauropods, they became progressively shorter. The chevrons are open dorsally. The 
haemal canals opening in the cranialmost chevrons are less than the 50% of the total 
length; however, through the distalmost the opening of the two haemal branches or rami 
occupies more than 70% of the total length (Canudo et al. 2008). 
Phuwiangosaurus sirindhornae (Martin, et al., 1994) 
 P. sirindhornae from the Early Cretaceous of Thailand is another taxon whose 
phylogenetic position is controversial (Upchurch et al. 2004). The fossil record of this 
sauropod is known from partial postcranial skeletons and several disarticulated elements 
(Martin, et al. 1994; Buffetaut, et al. 2002). However, Suteethorn et al. (2009) recently 
described a new, relatively well represented subadult specimen of Phuwiangosaurus from 
Sao Khua Formation, Lower Cretaceous of Thailand. Several cladistic analyses have 
placed Phuwiangosaurus in different positions within Macronaria. Upchurch, (1998) and 
Upchurch et al. (2004) regarded that taxon as one of the most basal titanosaurians. 
Conversely, Gonzalez Riga et al., (2008) placed Phuwiangosaurus in a dichotomy with 
Malarguesaurs within Somphospondyli. The holotype of P. sirindhornae (Martin, et. 
1994) is represented by incomplete remains of adult and juvenile specimens; however, 
the new discovery includes several elements of the cranial and postcranial skeleton, with 
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a particularly well represented record of caudal vertebrae. The amphicoelous proximal 
caudal vertebrae are craniocaudally compressed. The cranial and caudal articular faces 
are circular. The distally tapering transverse processes are at the level of the neural canal, 
which is strongly marked with an ―inverted heart shape‖. The neural arch in the most 
proximal vertebra preserved is unfused, which supports the subadult age; however, it 
appear to be located in the cranial half of the centra (Suteethorn, et al. 2009, Fig. 16, pag. 
210). The zygapophyses are short and positioned at nearly the same level. The neural 
spine of the cranialmost caudal vertebra is wider longer than it is wide. Thus, the cranial 
face of the neural spine is curved as those seen in basal macronarian sauropods (e.g., 
Camarasaurus). The middle caudal vertebrae are amphiplatyan. The neural spines are 
laminar and caudally inclined. The postzygapophyses overhand the margin of the caudal 
articular surfaces. The distalmost caudal vertebrae display different morphologic 
articulations through the distal caudal sequence. The centra of the distal caudals are 
amphiplatyan and became biconvex in the distalmost caudal vertebrae as those seen in 
the most derived titanosaurian sauropods. In the proximal section of the distal caudal 
vertebra, the prezygapophyses are short whereas the postzygapophyses surpass the 
margin of the caudal articulation. Thus the caudally directed neural spine is, intriguingly, 
tall considering its position in the caudal sequence. This new specimen of 
Phuwiangosaurus sirindhornae (Suteethorn, et al. 2009) greatly added to the general 
knowledge of the holotype and particularly to the morphological record of the caudal 
vertebrae. The characters of the cranialmost vertebrae resembles those seen in basal 
macronarians (e.g., camarasaurids and brachiosaurids) in having amphicoelous and 
strongly compressed centra, circular articular surfaces, short prezygapophyses, at least in 
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the cranial ones, relatively thin and laminar neural spines. Thus, the curved cranial face in 
the proximalmost neural spines resemble those seen in the basal macronarians. Moreover, 
in the distal caudal vertebrae, the postzygapophyses are well beyond that of the caudal 
articulations, a feature also shared with basal macronarian sauropods. On the other hand, 
the distal caudal are amphiplatyan and progressively became biconvex in the most distal 
caudal vertebrae as those found in titanosaurids (e.g., Opisthocoelicaudia skarzynskii, 
Rinconsaurus caudamirus, among others). The mix of characters displayed in the caudal 
elements complicates the systematic position of Phuwiangosaurus within Macronaria. 
For example, the absence of the prespinal and postspinal laminae in the proximal and the 
first section of the middle caudals (Curry Rogers, 2009), is a feature shared with 
neosauropods (e.g. Omeisaurus, Shunosaurus). Conversely, either basal titanosauriforms 
(e.g. Paluxysaurus) or derived macronarians (e.g. titanosaurians) display both pre and 
postspinal laminae. However, the caudal vertebrae share features either with basal 
macronarians or more derived macronarians.  Wilson and Upchurch (2009) mentioned 
the putative isolation, particularly East Asia, from the rest of Pangea during the Middle 
Jurassic, which could explain the evolutionary endemism of euhelopodid sauropods. 
Consequently, a faunal replacement by titanosauriforms and other neosauropods during 
the Early Cretaceous is proposed. The mix of caudal characters showed in this Early 
Cretaceous sauropod from West Asia could represent a new endemic group 
(―Phuwiangosauride‖) of sauropod dinosaurs from  sia as a consequent of the 
geographical barriers which allowed the Asia isolation from the rest of Pangea, at least 
during the Middle Jurassic. Nevertheless, recent studies (Wilson and Upchurch, 2009) 
support the view that the Asian sauropods may encompass several lineages (see below).  
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The phylogenetic relationship among Asian sauropods is controversial and unsolved. 
Therefore, the inclusion of the new materials of P. sirindhornae (Suteethorn et al., 2009) 
into a cladistic analysis may resolve the interrelationships of Phuwiangosaurus within 
Macronaria as well as their relationships among Asian sauropods.  
Arkharavia heterocoelica (Alifanov and Bolotsky, 2010) 
 Alifanov and Bolotsky (2010) recently described materials from the Late Cretaceous 
of Russia (Maastrichtian). The materials include a tooth and several isolated proximal 
caudal vertebrae. The authors suggest the inclusion of Arkharavia as a titanosauriform 
sauropod, based mainly on the morphological similarities between the Russian materials 
with titanosauriforms, particularly with the Patagonian somphospondylan titanosauriform 
Chubutisaurus insignis (Del Corro, 1975).  
 The proximal caudal vertebrae are strongly compressed craniocaudally. The cranial 
surfaces are slightly concave whereas the caudal surfaces are flat as those observed in 
Cedarosaurus, Chubutisaurus and Malarguesaurus. Thus, the cranial and caudal borders 
of the articulation surfaces are strongly marked. Pleurocoels are absent and the circular 
neural canal is small. The zygapophyses are relatively short and the incomplete neural 
spine is caudally inclined. One of the features that characterized Arkharavia is the 
extremely high neural spine in the caudosacral vertebra (Alifanov and Bolotsky, 2010; 
Fig. 2, pag. 88). The proximal-most caudal vertebra displays a pronounced cranioventral 
edge which is located higher than the caudoventral edge (Alifanov and Bolotsky, 2010; 
Fig. 1, pag. 86). Likewise, the same authors describe the shape of the articular surfaces as 
―heterocoelous‖ (i.e., according to  lifanov and Bolotsky, 2010, saddle-shaped articular 
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surfaces). The proximal-most caudal vertebra articulation shape of A. heterocoelica 
resembles those seen in somphospondylan titanosauriforms, particularly, those of 
Chubutisaurus and Malarguesaurus, in which the shape of the articular surfaces is sub-
hexagonal in outline; therefore, this feature could support a synapomorphy for that group 
of Cretaceous sauropods. Nevertheless, despite the same characters which are shared 
between Arkharavia and the Patagonia taxa, the Russian taxon exhibits other features 
which clearly differentiate this taxon from the rest of titanosauriforms. This discovery 
suggests that Asian dinosaurus and particularly sauropods may have experienced an 
evolutionary history which distinguishes them from other sauropod dinosaurs. Therefore, 
Arkharavia in tandem with Borealosaurus wimani, Opisthocoelicaudia skarzynskii (You, 
et al. 2004; Borsuk Bialynicka, 1977), sauropods which show opisthocoelous caudal 
vertebrae, and Phuwiangosaurus, among others, encompasses a set of sauropod dinosaurs 
which could represent several Asian endemic lineages or at least could support a 
distinctive sauropod evolution.    
Somphospondyli (Wilson and Sereno, 1998)(Table 1.1) 
 As mentioned above, members of Macronaria are united by synapomorphies 
pertaining to the morphology of the middle and distal dorsal neural spines, the 
composition of the presacral vertebrae, the proximal caudal chevrons, and the distal end 
of the ischial shaft. This new clade was widely accepted and adopted.   However, another 
of the sauropod clades recovered by Wilson and Sereno (1998), Somphospondyli, has 
been far more controversial and not universally accepted because identical phylogenetic 
positions for some of its constituent taxa (particularly the Chinese sauropod Euhelopus) 
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have not been recovered by some other analyses. As defined by Wilson and Sereno 
(1998, p. 53), Somphospondyli includes ―titanosauriforms more closely related to 
Saltasaurus than to Brachiosaurus‖, and Euhelopus was recovered as intermediate in 
phylogenetic position between Brachiosauridae and Titanosauria. Without Euhelopus in 
this position, Somphospondyli is effectively synonymous with Titanosauriformes. 
Recently, however, Wilson and Upchurch (2009) with the redescription and reassessment 
of the phylogenetic affinities of Euhelopus and other Chinese taxa concluded that 
Euhelopus is a basal somphospondylan. Therefore, the monophyly of the 
―Euhelopodidae‖ is not supported, which indicates that Euhelopus and other Jurassic and 
Early Cretaceous East Asian sauropods encompass several lineages. However, Canudo et 
al.(2010), recently described a femur, which may relate this material from the Jurassic-
Cretaceous transition of Spain with Euhelopus. Taylor (2009) proposed a new definition 
in order to avoid the use of genera rather than species as specifiers. In this context, 
Somphospondyli may be defined as ―all taxa more closely related to Saltasaurus 
loricatus Bonaparte and Powell 1980 than to Brachiosaurus altithorax Riggs 1903‖. 
 ―Gondwanan somphospondylan titanosauriforms‖ 
 The fossil record of somphospondylan sauropods in Gondwana is relatively well 
documented in South America, particularly in Argentina. Chubutisaurus insignis (Del 
Corro, 1975; Salgado, 1993) is represented by fragmentary materials which include 
caudal vertebrae. The phylogenetic position of this taxon is still unsolved; however, some 
of the features displayed in the dorsal vertebra, metacarpals and particularly in the caudal 
vertebrae suggests that Chubutisaurus may be nested outside of Titanosauria (Novas, 
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2009). Thus, some of the characters which Del Corro (1975) suggests in order to propose 
― hubutisauridae‖ were misinterpreted (Salgado, 1993; Salgado and Bonaparte, 2007). 
The same authors, based on the expansion of the distal end of the tibia as well as the 
procoelous condition of the caudal remains, regarded Chubutisaurus as a titanosaurian 
sauropod following the definition of Sereno (1998) as ―all somphospondylans closer to 
Saltasaurus than to Euhelopus‖ (Salgado and Bonaparte, 2007). However, they cannot 
determine if the Patagonian taxon is included within Andesauroidea (i.e basal 
titanosaurian) or closer to more derived titanosaurids.  
 Gonz lez Riga et al., (2008), nested Chubutisaurus as a sister taxon of 
[Ligabuesaurus leanzai (Bonaparte, et al., 2006) + (Phuwiangosaurus 
+Malarguesaurus)] within Somphospondyli. In this current caudal analysis, we 
considered Chubutisaurus as a somphospondylan titanosauriform following Gonz lez 
Riga et al., (2008). 
 Ligabuesaurus leanzai (Bonaparte et al., 2006) is another of the putative 
somphospondylan from Argentina, which was positioned within Somphospondyli 
(Gonz lez Riga et al., 2008). The holotype includes fragmentary bones from the skull, 
cervical and dorsal materials, and several bones of the pectoral girdle and some 
appendicular elements (Novas, 2009). Unfortunately, this taxon from the Early 
Cretaceous of Patagonia does not include caudal materials. 
 Recently, Gonz lez Riga et al., (2008) described a new somphospondylan 
titanosauriform from the Turonian-lower Coniacian of Mendoza Province, 
Malarguesaurs florenciae. The cladistic analysis displayed a dichotomy formed by 
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(Malarguesaurus + Phuwiangosaurus) as a sister taxon of Titanosauria. The 
somphospondylan titanosauriform from the Cretaceous of Mendoza is represented by 
several bone materials from the axial and appendicular skeleton and the caudal materials 
are represented by proximal, middle and distal caudal vertebrae. Therefore, in this part of 
the overview, are included Chubutisaurus insignis, represented by incomplete proximal 
caudals and Malarguesaurus florenciae. 
CAUDAL VERTEBRAE 
Proximal caudal vertebrae 
 The proximalmost caudal vertebrae preserved in Chubutisaurus insignis exhibit the 
cranial surfaces slightly convex whereas the caudal articulations are flat to gently 
concave (Salgado and Bonaparte, 2007; Novas, 2009). The incomplete proximalmost 
caudal vertebrae of Chubutisaurus are compressed craniocaudally, whereas the rest of the 
proximal caudals are slightly amphiplatyan. On the other hand, in Malarguesaurus 
(Figure 1.3), the cranialmost of the caudal vertebra preserved, probably the third, displays 
a slightly concave cranial face and a flat caudal one (i.e. procoelous- opisthoplatyan, 
sensu Gonzalez-Riga, et al., 2008). The craniocaudally concave cranial centrum of 
Malarguesaurus is as wide as high. The cranial surface is circular in outline whereas the 
caudal surface is subhexagonal in contour (pers. obs.). The circular neural canal is 
strongly marked. The caudally tapering transverse processes are short and relatively 
robust in dorsal view. The neural arch in the cranialmost caudal vertebra is placed in the 
cranial border of the centrum. The gently craniodorsally directed prezygapophyses have 
wide articular facets. Thus, they occupy about the 50% of the total craniocaudal length of 
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the centrum. The postzygapohyses are subcircular in outline and their dorsal and ventral 
end are slightly expanded. The margins of the postzygapophyses are behind the dorsal 
margin of the caudal surface. The neural spine is vertically oriented and it is wider 
craniocaudally than transversally. 
Middle caudal vertebrae 
 In Malarguesaurus florenciae were recovered three middle caudal vertebrae. The 
cranial surfaces are concave, whereas the caudal ones are flat (i.e., procoelous-
opisthoplatyan = procoelous- distoplatyan = plani-concave, amphicoely-distoplatyan, 
according to Gonzalez-Riga et al., 2008; Carpenter and Tidwell, 2005; Tidwell et al., 
2001; this current overview respectively). The cranial articulations are circular in contour 
whereas the caudal ones are subrectangular to subhexagonal. The centra are slightly 
wider than high. The subcircular neural canals are strongly marked as in the proximal 
caudal vertebrae. The neural arches placed in the cranial half of the centra, but they are 
not located over the cranial border as the proximalmost caudal vertebrae. In lateral view, 
the neural arches are tall. Although affected by diagenetic deformation (pers. obs.), the 
laminar neural spines are thick and caudally oriented. 
Distal caudal vertebrae 
 The four distal caudal vertebrae recovered in Malarguesaurs are gently wider than 
high, which suggests that these caudal elements belong to the most cranial section of the 
distal sequence. They show circular cranial surfaces and subrectangular to subhexagonal 
caudal ones. The cranialmost distal centra are slightly procoelous and progressively the 
development of the caudal condyle increases (i.e., the procoelous condition increases 
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distally in the caudal elements preserved). The strong neural canals are subcircular and 
their dorsal and ventral ends are expanded.  The neural arches are placed in the cranial 
half of the centra, but they are not located on the cranial borders. Thus, the neural arches 
are tall laterally. The prezygapophyses are elevated craniodorsally and their articular 
facets are well beyond of the dorsal border of the cranial surfaces. The postzygapohyses 
are well marked and they extend as processes or projections; however, they are well 
behind the dorsal border of the caudal articular faces. As observed in other macronarian 
sauropods, the neural spines in this section of the tail are low. 
Titanosauria 
 Titanosaurian sauropods are one of the most successful groups among Sauropoda. 
Titanosauridae (=Lithostrotia) includes all Late Cretaceous sauropods. They were 
particularly abundant in Gondwanaland (Salgado et al. 1997a). Although their occurrence 
in the Late Cretaceous in Laurasia is still debated (Powell, 2003), the titanosaurid record 
in that land is well represented by different genera (Sanz et al. 1999; Lehman and 
Coulson, 2002; Le Loeuff, 2005, Wilson and Upchurch, 2009, among others). Therefore, 
the clade Titanosauria should be recognized as one the most widely distributed and the 
latest surviving groups of Cretaceous sauropods (Montellano-Ballesteros, 2003; Wilson, 
2006). The cranial evidence of this group is limited, but new discoveries could reveal 
much more about their phylogeny, anatomy and paleobiology. However, there are 
abundant postcranial materials that are well described for many taxa. Despite ample 
osteological evidence, the phylogenetic relationships of Titanosauria are still often 
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debated (Salgado et al. 1997a; Upchurch, 1998; Bonaparte, 1999a; Wilson and Sereno, 
1998; Wilson, 2002; 2005; 2006 Curry-Roger, 2005; Bonaparte, et al., 2006).  
 The definition of Titanosauria was originally proposed and adopted by Bonaparte 
and Coria (1993).  This clade has been exposed to different phylogenetic analyses and, as 
a result, it has been defined and redefined by several authors (Salgado et al. 1997a; 
Upchurch, 1998; Wilson and Sereno, 1998; Bonaparte, 1999a; Wilson, 2002; Powell, 
2003). Salgado et al. (1997a) applied the name Titanosauria to this clade that includes 
―the most common ancestor of Andesaurus delgadoi and Titanosauridae and all of its 
descendants‖. This definition is supported by five synapomorphies displayed in the 
postcranial skeleton: three in the dorsal vertebrae, one in the caudal centra and one in the 
size of the pubis relative to the ischium. Salgado (2003) proposed the following definition 
by Titanosauria, ― ll somphospondylans closer to Saltasaurus than to Euhelopus Romer‖ 
(Table 1.2). Therefore, due to the taxonomic diversity (more than 40 species, Wilson, 
2006) and the abundance of the fossil record, particularly in South America, titanosaurid 
sauropods are currently differentiated into several titanosaurian subgroups. 
Andesauroidea (Salgado, 2003) (Basal titanosaurian) 
 Salgado, 2003, proposed a new clade,  ndesauroidea ― ll titanosaurs closer to 
Andesaurus than to Saltasaurus‖(Table 1.2). Within basal titanosaurids generally are 
included Andesaurus delgadoi (Calvo and Bonaparte, 1991) from the lower Cenomanian 
of Argentina, and Malawisaurus dixei (= ―Gigantosaurus‖ dixei, Haughton, 1928; 
Jacobs, et al. 1993) from the Aptian of Malawi. Thus, Argentinosaurus huinculensis 
(Bonaparte and Coria, 1993), Argyrosaurus superbus (Lydekker, 1893), Epachthosaurus 
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sciuttoi (Martinez, et al. 2004), Mendozasaurus neguyelap (Gonzalez Riga, 2003, 2005), 
among others are considered as basal titanosaurids, although, in different systematic 
subgroups within Titanosauria (e.g., Salgado et al. 1997a; Wilson and Sereno, 1998; 
Salgado, 2003; Wilson and Upchurch, 2003; Upchurch et al. 2004; Curry-Roger, 2005; 
Calvo et al. 2007a-b). 
 The Patagonian taxon, Andesaurus, is considered a titanosaurian sauropod on the 
basis of several titanosaurian synapomorphies such as the ―eye-shaped‖ pleurocoels in 
the dorsal vertebrae, caudal centroparapophyseal lamina ventrally widened and slightly 
forked in the distalmost dorsals, proximal caudal centra procoelous and pubis longer than 
ischium (Salgado and Bonaparte, 2007; Novas, 2009). However, especially due to the 
some of the features displayed for the caudal vertebrae, the basal position of Andesaurus 
within Titanosauria is well supported. 
 The African taxon Malawisaurus is generally recovered as a basal titanosaur, 
although some of the postcranial characters and particularly those seen in the caudal 
vertebrae, suggest a systematic position above Andesaurus. Gomani (1999) described 
four caudal middle vertebrae from Malawi, in outcrops belonging to the Lower 
Cretaceous. The middle, probably the most distal middle caudal, was identified as 
―morph 2‖ (Gomani, 1999, Figure 3, pag. 243). The centra are slightly amphicoelous 
(platycoelous, Gomani, 1993), the neural arches are cranially positioned, and articular 
surfaces are subrectangular in outline. The morphology of these caudal elements is 
different from those observed in the caudal vertebrae of the Malawisaurus holotype. 
Furthermore, the relatively strong neural canals and the laterally high neural arches 
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suggest that the middle caudal vertebrae (= ―morph 2‖) may belong to titanosauriform 
sauropods more closely related to Chubutisaurus than to Saltasaurus. However, the 
Malawian middle caudal vertebrae shared some of the features found in Andesaurus, 
which suggests that these materials may also be related with basal titanosaurians. 
Therefore in the present analysis of basal titanosaurian sauropods (Andesauroidea), only 
Andesaurus delgadoi is included. 
CAUDAL VERTEBRAE 
Proximal caudal vertebrae 
 The proximal-most caudal centra of Andesaurus are slightly procoelous (in this 
current overview interpreted as amphicoelous-distoprocoelous). The centra are relatively 
craniocaudally compressed but less that of those seen in titanosauriform sauropods. 
 orsoventrally, the centra are narrow (i.e. ―V- shaped‖). In the cranialmost caudal 
vertebra, a deep and well marked asymmetric foramen is present (pers. obs.). The neural 
arches are located on the cranial part of the centra, whereas the transverse processes are 
caudally directed. The transverse processes increase in size through the proximal caudal 
section of the tail. Although, the neural arches are partially preserved in Andesaurus, the 
prezygapophyses are dorsocranially oriented and distally they become cranially directed. 
In the distalmost proximal caudal vertebrae, the postzygapophyses are subcircular in 
outline and their margins either slightly reach or gently surpass the caudal articular 
surfaces. The transverse processes are small and they are located bellow the centra 
junction, in lateral aspect. The slightly caudally oriented neural spines are wider 
craniocaudally than transversally. 
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Middle caudal vertebrae 
 As in other middle caudal vertebral sequences, in Andesaurus (Figure 1.5) the centra 
increase their lengths as they decrease their heights. The rectangular to subrectangular 
centra, are amphiplatyan. One of the features which distinguishes or characterizes 
Andesaurus from the rest of titanosaurs is the presence of a rudimentary transverse 
process through the middle caudal sequence. The neural arches are located in the cranial 
half of the centra, but not on the cranial borders. Laterally, the neural arches are as tall as 
those observed in basal titanosauriform and somphospondylan sauropods (e.g., 
Paluxysaurus, Malarguesaurus). The cranially directed prezygapophyses are relatively 
large, however, but less than those observed in the more derived titanosaurs (e.g., 
aeolosaurines, see below). The postzygapophyses are circular to subcircular in contour 
and their margins extend beyond the caudal articular surfaces. The neural spines are 
wider craniocaudally than transversely as the proximal caudal counterpart. However, they 
are caudally inclined and the proximal ends are slightly concave. 
Distal caudal vertebrae 
 The distal caudal vertebrae preserved in Andesaurus delgadoi correspond to the 
proximalmost part of the distal sequence. The amphiplatyan centra are longer than high. 
The cranial and caudal articular surfaces are subcircular to subrectangular in outline. A 
longitudinal lateral ridge, probably the remnant of the transverse process, divides the 
centra laterally in two halves. This lateral ridge or rim is somewhat similar to those 
observed in basal macronarians (i.e., Camarasaurus). However, in the latter, the lateral 
ridge migrates to a different position, whereas those in the distal caudal vertebrae of 
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Andesaurus are positioned in the middle line of the centra. The neural arches are placed 
in the cranial portion of the centra. The horizontal prezygapophyses are clearly beyond 
the cranial articulation, whereas the subcircular postzygapophyses are behind the caudal 
articulations. The relatively low neural spines are markedly longer craniocaudally than 
transversally as well as slightly concave in the proximal ends. 
Haemal arches  
 The preserved haemal arches of Andesaurus resemble those of all macronarians in 
being dorsally open (i.e. without a dorsal bridge or ―crus‖). The proximalmost chevrons 
are ―Y-shaped‖ and the distal ends are gently expanded craniocaudally. The haemal 
canals occupy about the 50% of the total length. The distalmost chevrons are ―V- shaped‖ 
and the haemal canal opening occupies almost the total length of the chevrons. 
Epachthosaurine (Salgado, 2003) 
 This new clade, Epacthosaurine was defined by Salgado (2003) as ― ll titanosaurs 
closer to Epachthosaurus than Saltasaurus‖(Table 1.2). The name of this clade is based 
mainly on Epachthosaurus, a basal titanosaur from the South of Argentina. The holotype 
is represented by a dorsal vertebra, whereas the paratype is based on a field mold 
(Powell, 1990; see Casal and Ibiricu, 2010 in revision). However, Martinez, et al. (2004) 
described a semicomplete articulated skeleton belonging to the taxon, Epachthosaurus 
sciuttoi, which includes an articulated caudal vertebral sequence. These authors as well as 
Upchurch et al. 2004 recovered Epachthosaurus within Titanosauria as a basal 
representative of the clade; however, some of the features, particularly those seen in the 
caudal vertebrae suggest that this Patagonian taxon could be a basal representative of 
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Titanosauridae (Lithostrotia). Therefore, the current caudal analysis is based on E. 
sciuttoi from the Upper Cretaceous of Bajo Barreal Formation. 
CAUDAL VERTEBRAE 
Proximal caudal vertebrae  
 The proximal caudal vertebrae are procoelous. One of the features, which clearly 
characterized Epachthosaurus from the rest of titanosaurian sauropods, is the presence of 
hyposphene – hypantrum intervertebral articulations through the first fourteen caudal 
vertebrae (Martinez, et al. 2004). In the proximalmost two caudal vertebrae, the centra 
are robust and the caudal cotyles are centrally positioned. Ventrally, there is a 
longitudinal sulcus in the proximal caudal vertebrae. The neural canals are circular in 
outline as well as small. The distally directed transverse processes in the proximalmost 
caudal vertebrae emerge from the dorsal portion of the centra. The neural arches are 
situated over the proximal half of the centra. The zygapophyses are short and the robust 
neural spines are distally inclined. The first neural spine is markedly higher than the 
second neural spine. The neural arches bear well marked laminae such as the pre- and 
postspinal and the spinozygapopophyseal laminae (i.e., spinoprezygapophyseal and 
spinopostzygapophyseal). Thus, the spinopostzygapophyseal is particularly well-
developed. 
 Through the rest of proximal caudal vertebrae, the third, fourth and fifth caudals, the 
morphology is similar in many aspects such the robustness of the centra, the centrally 
located caudal condyle, and the cranially positioned neural arches. Thus, the presence and 
development of the laminae as well as the distal inclination of the neural spines are 
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features which are shared in this portion of the tail. However, besides the general size 
reduction of the caudal vertebrae, there are some morphological features which show 
morphological changes, especially from the sixth caudal vertebra. There is an increase in 
size of the zygapophyses and their respective articular facets, the neural spines are 
vertical and they are laminar shaped (i.e. wider craniocaudally than transversally). The 
fifth caudal vertebra shows a cranial process or projection located at the base of the 
prespinal lamina (pers. obs.). In the sixth caudal, in the lateral aspect, there is a 
pronounced ridge or rim. Thus, the caudal cotyle is dorsally situated.This position is 
retained through the rest of the caudal sequence. In the proximal section of the caudal 
series, there are two features which differentiate it from the most proximal counterpart, 
such as the cranially directed prezygapophyses and the shape of the neural spines. 
Regarding this last feature, the dorsocranial border of the neural spines, is cranially 
inclined.  
Middle and distal caudal vertebrae 
 The centra are all procoelous, but the caudal cotyle is less developed compared with 
the proximal caudals (Figure 1.5).  In ventral view, the longitudinal sulcus still is present. 
The neural arches are placed in the proximal half, but do not reach the cranial margins. 
The cranial directed prezygapophyses are relatively short. In lateral view, on the base of 
the neural arches rudimentary transverse processes are present. In the middle caudal 
sequence, the neural spines are lower. Conversely, in the distal section of the proximal 
caudal vertebrae, the dorsal border of the neural spines is pointed caudally. 
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 The distal caudal vertebrae are procoelous and the cylindrical centra retain the 
ventral longitudinal sulcus. The caudal cotyles are reduced in comparison with the 
proximal and middle caudals. The zygapophyses are shorter than those of the middle 
caudal vertebrae. The neural arches are located in the proximal portion of the centra, but 
do not reach the cranial borders. The neural spines are low and laminar in shape. 
Haemal arches 
 The haemal arches are open dorsally. They proximal chevrons are ―Y-shaped‖. The 
articular facets for the ventral insertion with the centra are subcircular to circular in 
outline. The haemal canals occupy about 50% of the total length of the haemal arches as 
more basal titanosaurians. In the distal chevrons, the haemal opening increases. 
 Lithostrotia (Upchurch et al. 2004) (=Titanosauridae; sensu Salgado et al. 1997a) 
 Upchurch et al. (2004), applied the name Lithostrotia to the clade that includes 
―Malawisaurus dixeyi (Haughton 1928), Saltasaurus loricatus (Bonaparte and Powell 
1980), their most recent common ancestor, and all descendants‖ (Wilson and Upchurch, 
2003; Curry Rogers, 2005) (Table 1.2). Titanosauridae was defined for Salgado et al. 
(1997a) as ―the most recent common ancestor of Epachthosaurus sciuttoi, Malawisaurus 
dixeyi Haughton, Argentinosaurus huinculensis, Titanosaurinae indet. ( GM ―Serie B‖), 
Opisthocoelicaudia skarzynskii, Aeolosaurus, Alamosaurus sanjuanensis and 
Saltasaurinae and all of its descendants‖. In the definition is included Titanosaurinae 
indet. ( GM ―Serie B‖), which is today current known as Trigonosaurus pricei (Campos, 
et al. 2005, see below in text). Basically, Lithostrotia and Titanosauridae are synonyms. 
Both node based definitions mean essentially the same thing, and the main diference is 
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the use of some of the specific taxa. Neverthelsess, in both cladistic definitions 
Argentinosaurus, Epachthosaurus, and Malawisaurus are recovered as basal 
representatives. Gonzalez Riga (2003, 2005) described a new titanosaurid from the early 
Late Cretaceous of Patagonia, Mendozasaurus neguyelap.  Calvo et al. (2007a-b) placed 
Mendozasaurus as a sister taxon of Malawisaurus within Titanosauridae (=Lithostrotia).  
 Wilson and Upchurch (2003) based on the taxonomic invalidity of the type species 
(―Titanosaurus indicus‖) and the taxonomic overestimation of the genus, proposed that 
Titanosaurinae, Titanosauridae and Titanosauroidea must be abandoned. The 
International Code of Zoological Nomenclature (ICZN) supports the opinion that these 
rank- taxa should be discarded. However, the Phylogenetic Code of Biological 
Nomenclature (Phylocode) opposes it (Salgado, 2003). Hence, due to the morphological 
taxa diversities within Lithostrotia (Titanosauridae), which complicate the taxonomic 
order, the following titanosaurian clades are chosen in order to organize the taxa as well 
as the caudal vertebrae description: 
 Epachthosaurinae (e.g., Epachthosaurus), ―Basal lithostrotian‖ (e.g., Malawisaurus, 
Mendozasaurus, Futalognkosaurus), Lithostrotia (including; Nemegtosauridae, e.g., 
Bonitasaura, Rapetosaurus; Aeolosaurini, e.g., Aeolosaurus, Gondwanatitan; 
Rinconsauria, e.g., Muyelensaurus, Rinconsaurus), Opisthocoelicaudiinae (e.g., 
Alamosaurus, Opisthocoelicaudia,) and Saltasaurini (e.g., Neuquensaurus, Rocasaurus, 
Saltasaurus). Finally, besides the abovementioned titanosaurian taxa, several others are 
added in this current caudal overview such as Adamantisaurus mezzalirai (Santucci and 
Bertini, 2006), Baurutitan britoi (Kellner, et al. 2005), Bonatitan reigi (Martinelli and 
51 
 
Forasiepi, 2004), Pellegrinisaurus powelli (Salgado, 1996), Trigonosaurus pricei 
(Campos, et al. 2005), and Uberabatitan ribeiroi (Salgado and Carvalho, 2008). 
Unfortunately, either because of the absence or the fragmentary nature of caudal 
materials and the controversy surrounding their phylogenetic positions (e.g., Agustinia, 
Antarctosaurus, Argentinosaurus, and Argyrosaurus, see Salgado and Bonaparte, 2007 
and Novas, 2009) these Gondwanan taxa are not included. 
―Basal lithostrotian‖  
 As basal lithostrotian titanosaurids are included Malawisaurus dixeyi (Jacobs, et al. 
1993; Gomani, et al. 1999a; Gomani, 1999b, 2005), Mendozasaurus neguyelap 
(Gonzalez Riga, 2003, 2005), and Futalognkosaurus dukei (Calvo et al. 2007b). The last 
authors, proposed a new clade, Lognkosauria which encompass Futalognkosaurus, 
Mendozasaurus and probably Puertasaurus reuili (Novas, et al. 2005). A proximalmost 
caudal vertebrae, probably the first in the sequence, was recovered from the giant 
titanosaurian F. dukei, therefore, in the description just this caudal element is included. 
 
CAUDAL VERTEBRAE 
Proximal caudal vertebrae  
 The proximalmost, probably the first in the caudal sequence of Futalognkosaurus 
(Calvo et al., 2007b) is procoelous and the cranial surface circular in outline compared to 
those seen in Malawisaurus and Mendozasaurus. The neural arch is located in the cranial 
portion of the centrum.  The transverse process inserts in the midline of the centrum and 
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dorsally at the level of the postzygapophyses. Thus, the transverse process is short and 
robust as in Malawisaurus and Mendozasaurus. The zygapophyses of the proximalmost 
caudal vertebra in Futalognkosaurus are relatively short. One of the features which 
distinguishes Futalongkosaurus and Mendozasaurus from Malawisaurus, is the 
proximalmost neural spine. The neural spine is wider transversally than craniocaudally. 
However, the dorsal end of the neural spine of Futalongkosaurus show a well marked 
rounded expanded apex, clearly visible in dorsal view, which confers a  ―T-shape‖ to the 
neural spine. This feature is unique within titanosaurians (see discussion). Likewise, the 
latter show several characters, particularly in the neural spine, which are considered 
autapomorphic, such as strong pre- and postspinal laminae which joint at the top of the 
neural spine forming a lamina (supraspinal lamina, sensu Calvo et al. 2007b), distally 
bifurcate prespinal lamina, and several supraspinal cavities. Thus, the neural spine 
displays several well pronounced rugosities (pers. obs.), which are not present in other 
titanosaurians. Mendozasaurus, shows two well marked fossae below the 
postzygapophyses, which are present, although less pronounced, in Futalongkosaurus. In 
contrast, the proximalmost caudal vertebra of Malawisaurus (Gomani, 1999, 2005) 
exhibits some morphological differences such as a caudal condyle dorsally positioned, a 
low neural spine, relatively robust postzygapophyses, and  neural spine which is wider 
craniocaudally than transversally. One of the features which distinguishes Malawisaurus 
from the two Patagonian taxa, is the presence of a lateral depression or pleurocoel, 
characters shared with some of the somphospondylan titanosauriforms analyzed herein 
(e.g., Cedarosaurus and Venenosaurus). 
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 Regarding the rest of the proximal caudal sequence, only Malawisaurus and 
Mendozasaurus are considered, because this portion of the caudal sequence was not 
recovered in Futalongkosaurus. The proximal caudal vertebrae of Malawisaurus are 
slightly procoelous; however, the caudal condyle is stronger than those observed in 
somphospondylan titanosauriforms (e.g., Chubutisaurus) and andesauroid titanosaurians 
(e.g., Andesaurus). This condition in these two taxa, currently described herein is 
amphicoely-distoprocoelous. On other hand, the proximal caudals of Mendozasaurus are 
procoelous with the caudal condyle centrally located whereas in Malawisaurus it is 
positioned dorsally. Thus, in the African taxon the condition of the caudal articular 
surface changes through the proximal section of the tail (i.e., slightly procoelous, 
platycoelous=amphicoelous, Gomani, 2005) whereas Mendozasaurus exhibits procoelous 
proximal caudals in all the vertebrae recovered. The proximal neural spines in 
Mendozasaurus are high in comparison to those seen in Malawisaurus and the neural 
spines are wider craniocaudally than transversally in the latter. Nevertheless, 
Malawisaurus and Mendozasaurus share through the proximal caudal vertebrae the 
distally directed transverse processes and the relatively strong and circular in outline 
postzygapophyses. However, either the African taxon or the Argentinian taxon display 
morphological features which distinguishes one from the other. Malawisaurus shows, in 
the proximal caudals, ventral edges positioned markedly lower than the cranioventral 
edges. This character, astonishingly, resembles that observed in the proximalmost caudal 
vertebra of the Russian titanosauriform Arkharavia heterocoelica (Alifanov and 
Bolotsky, 2010). Thus, Malawisaurus, probably in the second or third caudal vertebrae, 
exhibits a lateral cavity (Jacobs, et al., 1993, Gomani, 1999, 2005). Conversely, 
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Mendozasaurus displays proximal caudal vertebrae interzygapophyseal cavities which 
are strongly marked and limited by the spinoprezygapophyseal and 
spinopostzygapophyseal laminae (Gonzalez Riga, 2003; Salgado and Bonaparte, 2007). 
Middle and distal caudal vertebrae 
 The middle caudal vertebrae of Malawisaurus resemble those of Mendozasaurus 
(Figure 1.5) in having prezygapophyses relatively long and postzygapophyses strongly 
marked and circular to subcircular in outline, and laminar neural spines (i.e. wider 
craniocaudally than transversally). However, the middle caudal vertebrae differ in many 
other aspects, for example, the articulations of the caudal centra. Whereas Malawisaurus 
displays slightly amphicoelous centra, Mendozasaurus shows gently procoelous centra 
with the caudal condyle dorsally located.  Although the neural arches are located on the 
cranial portion of the centrum, in Mendozasaurus the neural arches are positioned on the 
cranial border of the centrum which contrasts with Malawisaurus. Moreover, the 
craniodorsal and caudodorsal borders of the neural spines in the Patagonian taxon form 
right angles (Salgado and Bonaparte, 2007; pers. obs.), whereas the caudodorsal corner of 
Malawisaurus is angled.  
 The distal caudal vertebrae of Malawisaurus are slightly amphicoelous 
(platycoelous), whereas those seen in Mendozasaurus are gently procoelous (a condition 
here interpreted as amphicoely-distoprocoelous). The articular surfaces of both basal 
lithostrotians are circular in contour. The neural arches are located on the cranial portion 
of the centrum in both basal lithostrotians; however, in Mendozasaurus, the two distal 
caudals are preserved and show that the neural arches are located somewhat close to the 
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cranial border. The prezygapophyses are relatively long in both taxa in relation to 
basalmost macronarians. The neural spines in Malawisaurus are low and caudally 
directed and the postzygapophyses margins are well behind the articular caudal surfaces. 
Haemal arches 
 The proximal haemal arches of Malawisaurus and Mendozasaurus are open dorsally; 
―Y-shaped‖ as well as they exhibited strong facets for the ventral articulation with the 
caudal centra. Likewise, the chevron facets are medially oriented. In caudal view, thin 
vertically positioned edges are present. Although both proximal chevrons have marked 
haemal canals, in those seen in Malawisaurus occupy more of the 50% of the total length, 
whereas in the proximal chevrons preserved in Mendozasaurus, the haemal canals 
opening is less than the 50% of the total length. Thus, Mend s z urus’ proximal haemal 
arches, the distal ends, are laterally wider than the haemal arches of Malawisaurus.  
 The distal haemal arches of Malawisaurus are ―V-shaped‖. The haemal canal 
opening occupies almost the total length of the chevrons. The strong facets resemble 
those of the proximal counterpart.  
 
Aeolosaurini (Costa Franco Rosas, et al., 2004) 
 Costa Franco Rosas, et al. (2004) proposed a new titanosaurian subclade, 
Aeolosaurine.  The clade does not include a phylogenetic definition in the original 
description, according to the hypothetical relationships proposed for Costa Franco Rosas 
et al. 2004 (Figure 4, pag. 332). The clade could be defined as all the titanosaurs closer to 
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Aeolosaurus and Gondwanatitan than to Saltasaurus (Costa Franco Rosas, et al. 2004; 
English translation), the most inclusive clade containing Aeolosaurus rionegrinus and 
Gondwanatitan faustoi, but not Saltasaurus loricatus or Opisthocoelicaudia skarzynskii). 
Thus, Calvo and Gonzalez Riga (2003) include within the clade the Patagonian taxon, 
Rinconsaurus caudamirus. Nevertheless, the inclusion of Rinconsaurus is supported only 
for one character such as the presence of relatively long prezygapophyses in the caudal 
vertebrae (Calvo and Gonzalez Riga, 2003), a feature which also appears several times 
within Titanosauria (e.g Malawisaurus and Trigonosaurus). Recently, Calvo et al. 
(2007b) proposed a new clade Rincosauria (see below) which included Rinconsaurus and 
Muyenlesaurus pechini (Calvo et al. 2007b). The postcranial evidence, particularly in the 
caudal vertebrae, exhibited for these two taxa, suggests that Rinconsaurus and 
Muyelensaurus may belong to a different titanosaur group. Therefore, aeolosaurine 
titanosaurs include Aeolosaurus (Powell, 1987; Salgado and Coria, 1993; Salgado et al. 
1997b; Costa Franco Rosas et al. 2004; Casal et al. 2007) and Gondwanatitan faustoi 
(Kellner and Azevedo, 1999). 
CAUDAL VERTEBRAE 
Proximal caudal vertebrae 
 The proximal caudal centra of Aeolosaurus and Gondwanatitan are procoelous. The 
lateral faces of the centra are high in Aeolosaurus whereas in Gondwanatitan this feature 
is less marked. The centra are craniocaudally and dorsoventrally concave in both 
titanosaurs. One of the characters which particularly characterized the proximal caudal 
vertebrae of Aeolosaurus is observed from the third or fourth caudal centra which are 
57 
 
markedly narrow ventrally (i.e., ―V-shaped‖ in ventral view). The caudal cotyles are 
centrally placed in the first section of the proximal caudals, whereas in the last section the 
cotyle is dorsally located. The proximal ends of the haemapophyses are positioned in 
different planes. The transverse processes are caudally directed and they are relatively 
robust, especially those observed in the Brazilian titanosaur Gondwanatitan. The neural 
arches are placed on the cranial borders of the cranial articular surfaces. Thus, the neural 
arches in Aeolosaurus and Gondwanatitan are cranially inclined. This inclination is 
correlated with the long prezygapophyses. The facets of the zygapophyses are well 
marked. The neural spines which were preserved in both Gondwanan titanosaur bear the 
pre- and postspinal laminae as well as the spinozygapophyseal laminae (i.e., 
spinoprezygapophyseal and spinopostzygapophyseal laminae), although less developed 
than in other titanosaurs (e.g., Epachthosaurus and saltasaurines).  
Middle and distal caudal vertebrae 
 The middle and distal caudal centra of aeolosaurines are procoelous (Figure 1.5). 
The craniocaudal length increases distally. The neural arches are placed in the cranial half 
of the centra, but do not reach the cranial borders as the proximal caudals. However, the 
location of the neural arches appears to be more cranial than other titanosaurs. The 
prezygapophyses are long and the postzygapophyses are somewhat at the level of the 
middle part of the caudal centra. The prezygapophyses are cranially directed. Thus, these 
intervertebral articulations exhibit dorsally thin rims, at least in some of the middle 
caudals belonging to Aeolosaurus. 
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Rinconsauria (Calvo et al. 2007b) 
 This new clade was proposed by Calvo et al. (2007b) and defined as 
―Muyenlesaurus, Rinconsaurus, their most recent common ancestor and all of its 
descendants‖. Rinconsauria is dichotomically linked with  eolosaurine in an unnamed 
node. The diagnosis is based on features of the teeth and the presence of bony processes 
that support the postzygapophyseal facets in the middle caudal vertebrae. In addition to 
these features, the distal caudal centra are distally depressed, which supports another 
synapomorphy for the clade. Recently, Filippi and Garrido (2008) described a new 
titanosaur, Pitekunsaurus macayi. This taxon was recovered in levels assigned to the 
Anacleto Formation (Lower –Middle Campanian; Filippi and Garrido, 2008). The 
holotype includes cranial and postcranial materials. Particularly, based on the 
morphological similarities in the distal caudal vertebrae, Pitekunsaurus may be related to 
Rinconsaurus. 
CAUDAL VERTEBRAE 
Proximal caudal vertebrae 
 The craniocaudally concave proximal caudal centra of Muyelensaurus pecheni 
(Calvo et al. 2007b) and Rinconsaurus caudamirus (Calvo and Gonzalez Riga, 2003) are 
procoelous. The proximalmost caudal centrum of Muyelensaurus is slightly inclined 
cranially, but less than in aeolosaurines titanosaurs. The transverse processes are caudally 
directed. The neural arches are placed on the cranial borders of the centra in 
Muyelensaurus and Rinconsaurus. In the latter, the prezygapophyses are directed upward 
and the postzygapophyses are relatively small and they are separated from the neural 
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spine for a postzygapophyseal process. The preserved neural spine is vertical in 
Rinconsaurus whereas in Muyelensaurus it is slightly distally inclined. Thus, the 
proximal neural spine in Muyelensaurus is rectangular in dorsal view as well as almost as 
long as it is wide. In contrast, the proximal neural spine of Rinconsaurus is slightly wider 
craniocaudally than transversally.  The neural spine of Muyelensaurus displays two well 
developed pre- and postspinal laminae, whereas those seen in Rinconsaurus appear to be 
less pronounced or absent, a feature shared with Isisaurus and Phuwiangosaurus (Curry 
Rogers, 2009). 
Middle and distal caudal vertebrae 
 The middle caudal centra are craniocaudally slightly concave in Muyelensaurus and 
in Rinconsaurus they are procoelous. Thus, they are as high as wide. The neural arches 
are placed on the cranial border of the centrum. The prezygapophyses are long and 
inclined gently craniodorsally. The margins of the postzygapophyses are located in the 
middle portion of the centrum as in aeolosaurines. The neural spines are low and distally 
directed. The postzygapophyseal process (sensu Calvo et al. 2007b) is present in 
Muyelensaurus and Rinconsaurus in this section of caudal sequence. 
 The distal caudal series displays the main differences between these two taxa. In 
Muyelensaurus the distal caudal is procoelous, whereas in Rincosaurus, it shows 
morphological variation in their articulations.  In the latter, the distal centra are 
procoelous, amphicoelous, opisthocoelous and biconvex (this combination of 
articulations are like those observed in the Brazilian titanosaur, Maxakalisaurus topai, 
see below), which represent an unusual distal caudal centra articulation within 
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Titanosauria. However, as mentioned above, Filippi and Garrido (2008) recently 
described a new titanosaur, Pitekunsaurus macayi, which displays the same 
morphological variation on the articular surfaces as those seen in Rinconsaurus. The 
neural arches are located in the cranial half of the centra, but not on the cranial borders of 
the articulations. The cranial and caudal margins of the postzygapophyses are almost at 
the level of the caudal articulations (excluding the caudal condyle). In contrast, the distal 
caudal vertebrae preserved in Muyelensaurus, the postzygapophyseal margins, are more 
cranially positioned. 
Opisthocoelicaudiinae (McIntosh, 1990)  
 This clade is defined as ―all saltasaurids more closely related to Opisthocoelicaudia 
skarzynskii (Borsuk Bialynicka 1977) than to Saltasaurus loricatus (Bonaparte and 
Powell 1980)‖ (Wilson and Upchurch, 2003) (Table 1.2). This clade is included within 
Saltasauridae (sensu Sereno, 1998).  Cladistic analyses positioned Opisthocoelicaudia as 
a sister taxon of Alamosaurus (e.g., Wilson, 2002; Figure 5) and Isisaurus, plus the North 
American titanosaur polytomy, which indicate that the group is unresolved (Curry 
Rogers, 2005). 
 As mentioned above, the Asian taxon, Opisthocoelicaudia has been historically 
placed within Camarasauridae. However, this taxon is currently known as a titanosaurian 
sauropod. One of the caudal features which clearly distinguished Opisthocoelicaudia 
from either basal or more derived titanosaurs is the presence of opisthocoelous proximal 
caudal vertebrae. Through the rest of the caudal sequence the centra are amphiplatyan 
and they became distally biconvex (Marya ska, 2000); this last articular condition is like 
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other titanosaurs (e.g., Bonitasaura, Rinconsaurus). However, this caudal articular 
combination is not reported for any other titanosaurid. The neural arches are cranially 
placed and the neural spines exhibit well developed laminae. The transverse processes are 
caudally directed and disappear early in the caudal sequence (about caudal vertebrae 11 
to 16, according to Borsuk-Bialynicka, 1977). Pre- and postspinal and 
spinozygapophyseal laminae are present. The neural spines show at the dorsal end and 
the lateral aspect marked rugosities (Borsuk-Bialynicka, 1977). The proximalmost neural 
spine is stout and it is wider transversally than craniocaudally. Distally the neural spines 
decrease the size as in other titanosaurs and they also exhibit a laminar shape. 
 As mentioned above, Asian sauropods in general and titanosaurs in particular may 
have undergone an evolutionary morphological history which is evidenced by the 
diversity of the osteological characters displayed in several sauropod dinosaurs including 
titanosauriform and titanosaurian sauropods (e.g., Opisthocoelicaudia). Borealosaurus 
wimani (You et al., 2004) is another of the Asian titanosaurids with opisthocoelous 
proximal caudal vertebrae. Therefore, while this vertebral articulation is absent in the 
proximal caudal vertebrae of other Laurasian and Gondwanan titanosaurians, these two 
taxa could represent an endemic titanosaurian group from Asia (Lamanna, pers. comm.). 
Nemegtosauridae (Upchurch, 1995) 
 As mentioned above, cranial material of titanosaurs is limited; however, during the 
last few years, the fossil record of cranial material increased (Nowinski, 1971; Jacobs et 
al., 1993; Sanz et al., 1999; Martinez et al., 2006, among others). Curry Rogers and 
Forster (2001, 2004) with the discovery of associated cranial and postcranial remains of 
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Rapetosaurus krausei support the view that the isolated skull material from Mongolia, 
belonging to Nemegtosaurus mongoliensis and Quaesitosaurus orientalis, are titanosaurs 
(Wilson, 2005b, 2006). Thus, Apesteguia (2004) described a new titanosaur sauropod 
from the Late Cretaceous of Argentina, Bonitasaura salgadoi. This taxon based mainly 
on cranial evidence was linked with the three taxa mentioned above (Apesteguia, 2004; 
Salgado and Bonaparte, 2007). However, recently, this Patagonian taxon is placed within 
Titanosauria, but more closely related with med-sized to large Late Cretaceous 
titanosaurian from South America [e.g., Mendozasaurus, Muyelensaurus, Rinconsaurus, 
and Futalongkosaurus (Gallina and pestegu a, 2010)].The Asian sauropods, 
Quaesitosaurus and Nemegtosaurus, do not include caudal materials. Unfortunately, 
Bonitasaura has not received a full description of the caudal segment. However, the 
proximal and middle caudal vertebrae of Bonitasaura are procoelous, whereas the 
distalmost are biconvex. According to Apesteguia, 2004 the rest of the caudal 
morphology does not differ significantly from other derived titanosaurid sauropods. In 
Rapetosaurus proximal, middle and distal caudal vertebrae were recovered. The caudals 
preserved are procoelous with relatively high neural spines in which lamination is 
retained (Curry Rogers, 2005). In tandem with these features, the caudal vertebrae of 
Rapetosaurus shows cranially positioned neural arches and absence of lateral pleurocoels 
(Curry Rogers, 2009). The strong procoelous proximal and middle caudals exhibit 
relatively high centra with slightly concave lateral faces, whereas ventrally they display a 
groove or sulcus. The craniodorsally directed prezygapophyses are well beyond that of 
the cranial articular surfaces. In the subcircular shaped postzygapophyses the cranial and 
caudal margins are somewhat in the middle line of the centrum. The neural arches bear 
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the pre and postspinal, the spinoprezygapophyseal and the spinopostzygapophyseal, 
laminae. Thus, the proximal and middle caudal neural arches exhibited well developed 
intraprezygapophyseal laminae (Curry Rogers, 2009). The elongated neural spines are 
subrectangular in dorsal view and they are caudally oriented. In the distal caudal 
vertebrae, the centrae increase their craniocaudal length. They are procoelous, although 
the procoely is less marked that those of the proximal and middle counterpart. The neural 
arches are placed cranially and the neural spines increase their craniocaudal length. The 
prezygapophyses are well beyond that of the cranial articular surfaces and the subcircular 
postzygapophyses are located somewhat in the middle aspect of the centra. According to 
Curry Rogers (2009), the neural arches retain the laminations. In this regard, the 
proximalmost distal caudals, exhibit the pre- and postspinal laminae as well as the 
intraprezygapophyseal and intrapostzygapophyseal laminae. 
Saltasaurinae (Powell, 1992; sensu Sereno, 1998; see Salgado, 2003 and Salgado and 
Bonaparte, 2007)(Table 1.2) 
 Saltasaurine is defined as ―all eutitanosaurs closer to Saltasaurus than to 
Ophistocoelicaudia‖ (Salgado, 2003). Salgado et al. (1997a) defined Saltasaurine as ―the 
clade including the most recent common ancestor of Neuquensaurus australis and 
Saltasaurus loricatus and all its descendants‖. Thus, Salgado and Bonaparte (2007) 
recently proposed a new clade Saltasaurini. This clade is less inclusive than 
Saltasaurinae, which encompasses Saltasaurus loricatus (Bonaparte and Powell, 1980; 
Powell, 2003), Neuquensaurus australis (Lydekker, 1893; Salgado et al. 2005) and based 
on a caudal feature to Rocasaurus muniozi (Salgado and Azpilicueta, 2000). Curry 
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Rogers and Foster (2001) interpreted Saltasaurine as a clade more inclusive than that 
proposed by other authors, for example Salgado, 2003. In this regard, within 
Saltasaurinae besides Neuquensaurus and Saltasaurus, the North American taxon, 
Alamosaurus, and the Asian titanosaurian Opisthocoelicaudia are included (Martinelli 
and Forasiepi, 2004). However, in this current caudal overview, Neuquensaurus, 
Rocasaurus and Saltasaurus, in tandem with Bonatitan reigi (Martinelli and Forasiepi, 
2004) and Pellegrinisaurus powelli (Salgado, 1996) are analyzed within Saltasaurinae. 
CAUDAL VERTEBRAE 
Proximal caudal vertebrae  
 The proximal caudal centra of saltasaurines including Bonatitan, Neuquensaurus, 
Pellegrinisaurus and Saltasaurus are procoelous. Thus, the caudal centra are 
craniocaudally and dorsoventrally compressed. However, the proximal caudal centra of 
Bonatitan are as laterally high as those seen in aeolosaurines. The proximal caudal centra 
exhibit convex lateral faces (e.g., Pellegrinisaurus, Neuquensaurus and Saltasaurus). The 
neural arches are placed on the cranial border. The transverse processes in the 
proximalmost caudal, depending on the presence or absence of a biconvex first caudal 
(see below in text) in saltasaurines, are deep, extending from the centrum to the neural 
arch. In the rest of the proximal sequence, the transverse processes are caudally directed. 
The zygapophyses are relatively short. In the saltasaurine taxa for which the rest of the 
proximal caudal vertebrae are preserved, the neural spines are strongly caudally oriented. 
The neural arches bear well developed laminae such as the pre- and postspinal and the 
spinodiapophyseal laminae, as well as accessory laminae. 
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 Among of the representatives of Saltasaurinae a biconvex first caudal centrum is 
found, but it is not a uniform feature observed within the group. This feature is shared for 
Neuquensaurus and Pellegrinisaurus. Nevertheless, biconvexity in the first caudal 
vertebrae is not unique to this group of derived sauropod dinosaurs (see discussion).  The 
neural spines of Bonatitan and Neuquensaurus exhibit, in cranial and lateral view, several 
fossae or cavities which are more pronounced near the prespinal lamina. Thus, in lateral 
view, in the ventral part of the centra ridges or rims are present in Bonatitan, 
Neuquensaurus and Pellegrinisaurus. These lateral protuberances, which apparently 
migrated to different positions throughout the proximal and proximalmost middle caudal 
sequence (pers. obs.), may be related to the insertion of musculature, particularly the 
caudofemoralis longus (see Salgado and Garcia, 2002). Another of the caudal features 
which is shared among saltasaurines (excluding Bonatitan and Pellegrinisaurus) is the 
presence of ventral depressions, which are more pronounced and divided for a 
longitudinal ventral septum in Rocasaurus. It contrasts with the ventral morphology of 
Bonatitan and Pellegrinisaurus. In the former a prominent ventral keel is described as an 
autapomorphy for the Patagonian taxon. Thus, in the proximal caudal vertebrae of 
Neuquensaurus and Rocasaurus asymmetric lateral fossae or pleurocoels are 
documented. 
Middle and distal caudal vertebrae 
 The caudal centra of saltasaurine titanosaurs are procoelous (Figure 1.5).  The centra 
increase in length as well as in the size of the zygapophyses. In contrast, the neural spines 
are low. The neural arches are placed in the cranial portion of the centrum. In the middle 
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caudal vertebrae the craniodorsal corner of the neural spines are at the same level as the 
caudal edges of the postzygapophyses, a feature which is considered synapomorphic for 
the clade. Some of the cavities observed in the proximal neural arches are present in the 
proximal middle caudals (e.g., Bonatitan, Neuquensaurus). In Rocasaurus, although less 
pronounced, the ventral septum and depression are retained. The distalmost middle and 
distal caudal vertebrae of Pellegrinisaurus exhibit the apomorphic conditions found in 
Titanosauridae (Lithostrotia) in which the caudal lateral faces of the centra are relatively 
high. Likewise, Pellegrinisaurus showed in the distal neural spines the craniodorsal 
border higher than the caudodorsal border, a putative autapomorphy of this taxon. 
Finally, the middle, distal as well as the proximal caudal vertebrae of saltasaurine 
titanosaurs exhibit cancellous bone, a feature also found among basal titanosaurids but 
restricted to the dorsal vertebrae (Novas, 2009). In contrast, this type of tissue is 
exhibited through the entire caudal sequence of this group of derived sauropods. The 
degree of variation of the development of cancellous bone appears to differ among 
saltasaurines and perhaps among more basal titanosaurids (Titanosaurid indet. from 
Argentina, pers. obs.), which could represent evidence for distinguishing sexes within 
titanosaurian sauropods (Novas, 2009). 
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Brazilian titanosaurian sauropods 
 As mentioned above, the titanosaurian fossil record is particularly abundant and well 
represented in Argentina. However, in the last few years, remains of this group of derived 
macronarians have increased in South America, specifically in Brazil. Several new taxa 
as well as several redescribed remains are nested within Titanosauria. Neverthelses, just a 
few of them have been included into phylogenetic analysis. Therefore, although their 
position within the clade is well supported, the specific position within the titanosaurian 
subgroups remains unsolved. However, the abundance of titanosaurs in the Late 
Cretaceous of Brazil may support that this group was as diverse as in the Cretaceous of 
Argentina.  
Adamantisaurus mezzalirai (Santucci and Bertini, 2006) 
 Adamantisaurus is a titanosaur recovered from the Late Cretaceous of Brazil. The 
holotype includes six proximal caudal vertebrae and two haemal arches. The caudal 
centra are procoelous; although in the first of the series recovered the procoely is less 
pronounced. The centra are craniocaudally concave. The horizontal transverse processes 
are robust and gently directed backward. The neural arches are placed on the cranial 
border of the centrum and the neural spines are relatively short. Thus, the height of the 
neural spines decreases distally. The prezygapophyses are craniodorsally oriented and 
they exhibit strong facets. The strongly pronounced postzygapophyses are subcircular in 
outline.  Moreover, the neural spines are slightly caudally inclined. The neural arches 
bear well marked lamination such as the pre- and postspinal laminae and the 
spinozygapophyseal laminae. The postspinal lamina appears to be more pronounced than 
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the cranial counterpart and the caudodorsal edges extend to the top of the neural spines. 
In lateral view, in the first two caudals there are cavities or fossae, which are particularly 
well marked in the first caudal in the section preserved.  
 This Brazilian taxon appears to be related to Trigonosaurus pricei (see below) and 
Aeolosaurus, based on the caudal morphology. In addition, Adamantisaurus resembles 
Trigonosaurus and Aeolosaurus in having postzygapophyses with concave articular 
facets and laterally expanded neural spines and a robust prespinal lamina. 
Baurutitan britoi (Kellner et al. 2005) 
 Baurutitan (Figure 5) was historically known as ―Series   Brazil‖ (Powell, 2003, 
Novas, 2009). However, Kellner et al. (2005) described and named as Baurutitan britoi. 
The Brazilian taxon from the Late Cretaceous is represented by the last sacral vertebra 
and eighteen articulated caudal vertebrae of the proximal and middle section of the tail. 
Kellner et al. (2005) proposed several potential autapomorphies, based on the caudal 
sequence, such as strongly pointed laterally processes which intercept the 
spinodiapophyseal lamina in the caudal first, craniolaterally directed 
spinoprezygapophyseal lamina, first caudal biconvex, and dorsal tuberosity (thick bone 
projection) on the neural arch which turn into a lateral ridge in the middle caudals. In 
addition, the change in the inclination of the neural spines and the presence of 
prezygapophyseal tuberosity on the lateral margin of the prezygapophyses are also 
included as potential caudal autapomorphies. 
 The first caudal vertebra is biconvex as those seen in other titanosaurs (e.g., 
Alamosaurus, Pellegrinisaurus and Neuquensaurus). The cranial ―ball‖ is less developed 
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than the caudal one. Thus, either the cranial cotyle or the caudal cotyle is displaced 
dorsally. The neural arch is placed on the cranial part of the centrum as in other 
titanosaurs. The robust transverse processes are slightly directed caudally. The 
craniodorsally directed prezygapophyses are short whereas the dorsoventrally elongated 
postzygapophyses are well marked and the dorsal faces are as pronounced as those of 
Adamantisaurus. The neural spine is caudally inclined and bears several well marked 
laminae such as the pre- and postspinal and the spinozygapophyseal.  
 The rest of the preserved caudal vertebrae are, all procoelous and they progressively 
increase their lengths. The neural arches are located on the cranial borders of the centra. 
The caudally pointed transverse processes become less robust distally. The 
prezygapophyses increase their lengths and in lateral view, these intevertebral 
articulations bear well marked ridges, as is also the case in Trigonosaurus. Thus, the 
prezygapophyses became less cranidorsally oriented and from the fifth caudal onward 
they are nearly cranially directed. The postzygapophyses become more circular to 
subcircular in outline and their caudal margins are placed at the level of the middle half 
of the centra.  The neural spines decrease in height distally and they are caudally inclined 
in the first three to four caudals (excluding the first biconvex vertebra). The well 
developed laminae appear until the ninth caudal. Through the fourteenth caudal to the 
eighteenth the neural spine shape changes its morphology. In this section of the tail, the 
dorsocaudal borders point caudally. Several dorsally open haemal arches were recovered. 
The proximal chevrons are ―Y-shaped‖, whereas the distal ones are ―V-shaped‖. 
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Trigonosaurus pricei (Campos et al. 2005) 
 This taxon is another of the recent renamed titanosaurids from the Late Cretaceous 
of Brazil. Trigonosaurus has been included in several phylogenetic analyses as ―Series B 
Brazil‖ (e.g., Salgado et al. 1997a,  urry Rogers, 2005). The holotype includes cervical 
and dorsal vertebrae, and an incomplete sacrum, whereas the paratype includes ten caudal 
vertebrae. Campos et al. (2005) offers a set of vertebral characters including cervical, 
dorsal and caudal, which characterize this titanosaur. The proximal caudal vertebrae 
display thin bases broadening towards the top, transverse processes in proximal caudal 
with two dorsal depressions and one in the middle caudals. In addition to these caudal 
characters, Trigonosaurus is diagnosed by forward-extending prezygapophyses with wide 
facets, articular surfaces of haemal arches strongly developed and transverse processes 
well developed in the proximal and middle caudal vertebrae. Overall, the caudal 
vertebrae preserved in Trigonosaurus resemble those seen in Baurutitan by having 
procoelous centra with the condyle dorsally displaced, neural arches placed on the cranial 
border of the centrum, and caudally directed transverse processes. Thus, the 
prezygapophyses exhibit lateral ridges and increase in length distally, specifically in the 
middle caudal vertebrae. They are craniodorsally oriented in the most proximal caudals 
whereas in the rest of the caudals recovered, they are nearly horizontal. The shape, 
orientation and position of the postzygapophyses are similar to those observed in 
Baurutitan. The neural arches bear well developed laminae and a spinoprezygapophyseal 
accessory lamina. The main differences between Trigonosaurus and Baurutitan is that the 
former displays proximal  neural spines cranially inclined in tandem with the dorsal 
cranial border of the centra, features which are present in aeolosaurines titanosaurians 
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(e.g., Aeolosaurus and Gondwanatitan). Likewise, the strong prezygapophyseal facets in 
Trigonosaurus are surrounded by thin edges, particularly in the proximalmost, another of 
the character which is not observed in Baurutitan. 
Uberabatitan ribeiroi (Salgado and Carvalho, 2008)  
 Uberabatitan was recently described by Salgado and Carvalho (2008). This 
Brazilian titanosaur from the Late Cretaceous is represented by three partial specimens 
composed of several postcranial elements, which include proximal, middle and distal 
caudal vertebrae as well as proximal and distal haemal arches. The caudal centra 
recovered are all procoelous. The proximal caudal vertebra, probably the second or third 
according to Salgado and Carvalho (2008), shows excavated lateral faces more 
pronounced than those seen in T. pricei. The prezygapophyses are relatively long and 
craniodorsally directed. The neural spine is craniocaudally compressed, a feature which 
differs from those observed in Adamantisaurus, Baurutitan, and Trigonosaurus, in which 
the thick neural spines display transversaly expanded lateral borders. The middle caudal 
vertebrae are the best represented section in Uberabatitan. The centra are ventrally 
excavated more strongly than those seen in the proximal caudal vertebra. The caudal 
articulations are subrectangular in outline as in Laplatasaurus (=―Titanosaurus‖) 
araukanicus (Salgado and Garcia, 2002), in contrast, to the ―heart-shaped‖ caudal 
articulations exhibited in Baurutitan and Gondwanatitan, which is a diagnostic feature 
for aeolosaurines titanosaurians (Kellner et al., 2005). The neural arches of Uberabatitan 
are placed on the cranial border of the centrum. The neural spines in the proximal middle 
section are somewhat cranially inclined as in Trigonosaurus. The mid-caudal 
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prezygapophyses are nearly horizontal as in Trigonosaurus (Campos et al. 2005) whereas 
in Baurutitan they are slightly craniodorsally oriented (Kellner et al. 2005). The 
postzygapophyses resemble those in Trigonosaurus.  Although in U. ribeiroi the neural 
spines show a spinopostzygapophyseal lamina, it is less developed than in Baurutitan 
(Salgado and Carvalho, 2008). In some of the middle caudals, there is an 
interprezygapophyseal lamina as in Rinconsaurus (Calvo and Gonzalez Riga, 2003; 
Salgado and Carvalho, 2008). The subcylindrical distal caudal vertebrae of Uberabatitan 
are comparable to those observed in Gondwanatitan and Maxakalisaurus topai (Kellner 
et al. 2006). However, one of the distal caudals shows an amphicoelous caudal centrum, 
with slightly concave cranial and caudal articular surfaces as in the Patagonian 
titanosaurian Rinconsaurus. The proximal haemal arches of Uberabatitan ribeiroi are 
―Y-shaped‖ and the haemal opening occupies less than the 50% of total length. 
According to Salgado and Carvalho (2008) the general morphology of the chevrons is 
comparable to those of the Brazilian titanosaur Maxakalisaurus. 
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COMPARISON 
 
A comparison of the caudal vertebrae of macronarian sauropod dinosaurs 
(excluding titanosaurian sauropods) 
 In this comparison based on caudal vertebrae I include camarasaurids (e.g., 
Camarasaurus), Haplochantosaurus, brachiosaurids (e.g., Brachiosaurus altithorax and 
B. brancai), Basal titanosauriforms (e.g., Aragosaurus, Paluxysaurus and Pleurocoelus 
nanus), derived titanosauriforms (e.g., Cedarosaurus, Tastavinsaurus and Venensaurus) 
and ―Gondwanan somphospondylan‖ titanosauriforms (e.g., Malarguesaurus). 
 The amphicoelous proximal caudal vertebra is a feature shared among basal 
macronarian such as Aragosaurus, Camarasaurus, and Brachiosaurus. In basal 
titanosauriforms (e.g., Paluxysaurus), on other hand, the proximal caudal centra are 
amphiplatyan. Conversely, some derived titanosauriforms (e.g., Cedarosaurus) and 
somphospondylan titanosauriforms such as Malarguesaurus, exhibit amphicoely-
distoplatyan articulations (slightly concave cranial surfaces and flat caudal surfaces). The 
circular to subcircular contour of the articular surfaces is a feature documented in 
Aragosaurus, Brachiosaurus, Camarasaurus, Paluxysaurus and Pleurocoelus, whereas in 
derived titanosauriforms and somphospondylan titanosauriforms (e.g., Cedarosaurus, 
Chubutisaurus, Malarguesaurus and Venenosaurus) the caudal articular surfaces are 
subcircular to slightly subhexagonal in outline. The proximal caudal vertebrae of all of 
above mentioned taxa are craniocaudally compressed; however, this compression, 
particularly the cranialmost, seen in basal macronarian sauropods is much more marked. 
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The absence of lateral depressions (i.e., pleurocoels) is a character shared among these 
taxa; however, either Cedarosaurus or particularly Venenosaurus show lateral pneumatic 
depressions. The transverse processes which extend from the centrum to the neural arch 
in Camarsaurus are ―aliform‖ in shape as in Haplocanthosaurus whereas those seen in 
brachiosaurids and titanosaurifoms are dorsoventrally flat. The short prezygapophyses in 
the proximalmost caudal vertebrae are shared in basal macronarians. In contrast, 
titanosauriforms display relatively long prezygapophyses. In Camarasaurus, the cranial 
face of the proximalmost neural spines is arched as in Haplocanthosaurus, whereas in the 
rest of the macronarian sauropods the cranial faces of the neural spine are straight. Thus, 
the cranialmost neural spines show a clear laterally expanded apex in Aragosaurus, 
Camarasaurus and Tastavinsaurus whereas in Paluxysaurus and Venenosaurus, the 
dorsal expanded apexes are slightly marked. On the other hand, this character state in 
brachiosaurids and other titanosauriforms (e.g., Cedarosaurus, Malarguesaurus) is 
absent. 
 With regard to the amphicoelous centra, the prezygapophyses that gently surpass the 
cranial articular surfaces and the postzygapophyses that either reach or gently overhang 
the caudal articular surfaces in the middle caudal vertebrae are features that basal 
macronarian sauropods share with brachiosaurids. In contrast, the middle caudal 
vertebrae of basal titanosauriforms such as Paluxysaurus and Pleurocoelus are 
amphiplatyan whereas those seen in somphospondylan titanosauriforms are amphicoelous 
(e.g., Cedarosaurus, Tastavinsaurus), amphiplatyan (e.g Venenosaurus) and amphicoely-
distoplatyan (e.g., Malarguesaurus). In titanosauriforms the prezygapophyses extend well 
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beyond the cranial articulations, whereas the postzygapophyses are behind the caudal 
articulations.  
 One of the features that clearly distinguish Camarasaurus is a lateral ridge in the 
middle caudal vertebrae. Moreover, somphospondylan titanosauriforms such as 
Malarguesaurs, basal titanosaurifom (e.g., Paluxysaurus) and derived titanosauriforms 
(e.g., Tastavinsaurus) shared laterally tall neural arches through the most proximal distal 
caudal vertebrae. In contrast, this feature is not observed in that section of the tail of basal 
macronarians (e.g., Camarasaurus) and brachiosaurids (e.g., Brachiosaurus). 
 The amphicoelous centrum is a feature in the distal caudal vertebrae of 
Camarasaurus and Brachiosaurus (i.e., basal macronarian sauropods). In 
Titanosauriformes such as Paluxysaurus, Pleurocoelus and Venenosaurus the distal 
caudal centra are amphiplatyan. On other hand, the somphospondylan titanosauriforms, 
Malarguesaurus and the derived titanosauriform Tastavinsaurus, the proximalmost distal 
caudal centra are amphiplatyan and gently amphicoelous respectively and distally they 
became progressively procoelous in both taxa. The postzygapophyses in the distalmost 
caudal vertebrae of Aragosaurus and Camarasaurus surpass the caudal articular surfaces. 
Thus, although they appear to be less pronounced, the cranial and caudal 
postzygapophyseal margins reach or slightly exceed the caudal articular surfaces in 
brachiosaurids and basal titanosauriforms including Brachiosaurus and Paluxysaurus. 
Conversely, the margins of the postzygapophyses in derived titanosauriforms and 
somphospondylans, such as Malarguesaurus, Tastavinsaurus and Venenosaurus, extend 
well behind the caudal articular surfaces. 
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 The synapomorphic character of dorsally open (i.e., absence of dorsal bridge or 
―crus‖) haemal arches is a feature shared among all macronarian sauropods. Thus, the 
proximalmost chevrons are ―Y-shaped‖ and distally they became progressively ―V-
shaped‖. In the proximal haemal arches the haemal canals occupies less than the 50% of 
the total length of the chevrons. Through the most distal chevrons the haemal opening 
increases as a result of the change of shape. 
 
DISCUSSION 
 
Macronarian sauropod dinosaurs  
 Basal macronarian sauropods, including Camarasaurus and Haplocanthosaurus, 
show caudal vertebral characters that differentiate them from the rest of macronarian 
dinosaurs. The strongly compressed cranialmost caudal centra, the shape of the 
proximalmost transverse processes, and the arched or curved cranial face of the proximal 
neural spines encompass a set of features that characterize these basal macronarian 
sauropods. The amphicoelous (platycoelous according to Tidwell, et al., 2001) caudal 
centra of Camarasaurus are shared with Brachiosaurus; therefore, this condition may 
represent a plesiomorphic state for the caudal vertebrae within Macronaria. Historically, 
Camarasaurs has been characterized by lateral expanded apexes through the 
proximalmost neural spines (i.e., ―T-shaped‖). Recent discoveries such as Paluxysaurus 
and Tastavinsaurus show that this character may appear independently several times 
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within Macronaria, because Paluxysaurus or Tastavinsaurus are cladistically recovered 
as a basal titanosauriform and as a derived titanosauriform, respectively. As mentioned 
above, Camarasaurus is one of the most complete and best studied of all sauropods; 
therefore, early sauropods taxa have been included or related to Camarasauridae. One 
example is the European taxon Aragosaurus; however, the lateral bulge in the femur 
suggests a systematic position more closely related to brachiosaurids or basal 
titanosauriforms. Thus this basal position within Macronaria is supported for a set of 
caudal characters mentioned above. 
 Basal titanosauriforms (e.g., Paluxysaurus) have amphiplatyan caudal vertebrae, 
whereas brachiosaurids (e.g., Brachiosaurus) show slightly amphicoelous (platycoelous 
according to Tidwell, et al., 2001) caudal centra. Derived titanosauriforms and 
somphospondylan titanosauriforms, in contrast, exhibit morphological variation in their 
caudal articulations. Therefore, the articular surfaces in Cedarosaurus, Chubutisaurus, 
Malarguesaurs, Tastavinsaurs, and Venenosaurus allow the morphological distinction 
between basal titanosauriforms and either derived titanosauriforms or somphospondylan 
titanosauriforms. For example, Paluxysaurus, a basal titanosauriform, has amphiplatyan 
caudal centra, whereas those in Cedarosaurus, Chubutisaurus, Malarguesaurs, 
Tastavinsaurus, and Venenosaurus display morphological variation through the proximal, 
middle and distal caudal vertebrae. Moreover, the caudal vertebrae of these last taxa 
share other features, such as tall neural arches in the distalmost middle caudal vertebrae, 
prezygapophyses well beyond the cranial articular surfaces as well as postzygapophyses 
well behind the cranial articular surfaces in the middle and distal caudal vertebrae. The 
presence of tall neural arches is a character neither observed in basal macronarian nor 
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most derived macronarians (i.e., titanosaurian sauropods, with the exception of 
Andesaurus). This feature may be correlated with the strongly marked neural canals and 
the increase of the length of the prezygapophyses observed in that group of sauropod 
dinosaurs. The dorsally open proximal haemal arches is a synopomorphy for Macronaria, 
a feature which is expected in all chevrons analyzed. However, despite the general 
morphology which differentiates them, all the haemal arches exhibit an open haemal 
canal that occupies less than 50% of the total length of the haemal arches.  
 Nevertheless, the caudal vertebrae of somphospondylan titanosauriforms differ in 
many other morphological aspects such as the presence or absence of pleurocoels, 
particularly, the relationship between the craniocaudal and transversal widths of the 
proximal neural spines as well as their orientation. 
  The ―Romerian‖ nomenclature [i.e., platycoelous, amphicoelous, amphiplatyan, 
procoelous and ophistocoelous articular surfaces (Romer, 1956)]   successfully describes 
the articular relationships observed in the presacral vertebrae in general and caudal 
vertebrae in particular. However, the new discoveries, such as Cedarosaurus, 
Venenosaurus and Malarguesaurus, suggest that additional nomenclature is needed. 
Therefore, a redescription of two caudal articular surface character states and a new 
caudal articular surface character state is proposed (Table 1.3).  
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A note on distribution of macronarian sauropods  
  Basal macronarian sauropods (e.g., Camarasaurus and Haplocanthosaurus) show 
dominance in North America, specifically in the Morrison Formation of Late Jurassic 
age. Several remains have been referred to Camarasauridae from the Late Jurassic of 
England (Martill and Naish, 2001) as well as from the Early Cretaceous of Spain (Sanz, 
et al. 1987). Likewise, the presence of camarasauromorph sauropods have been suggested 
in Gondwana, such as Tehuelchesaurus; however, the pronounced lateral bulge of the 
femur may indicate affinity with Titanosauriformes, particularly with the basal ones 
(Salgado and Bonaparte, 2007). Recently, Moser et al. (2006) described fragmentary 
materials which they provisionally assigned to Camarasauromorpha. The materials come 
from the Middle Jurassic of India (Khadir Formation). The occurrence of these elements 
could help to close the temporal and paleogeographical gaps for basal macronarian 
sauropods in Gondwana. However, neither the fragmentary nature of the materials nor the 
possibility of comparing them allows conclusions about their position within Macronaria. 
Therefore, until new materials from the Middle Jurassic of India as well as for the rest of 
Gondwana can be recovered these materials may be considered as an indeterminate 
sauropod dinosaur. In short, basal macronarian sauropods appear to show a putative 
Laurasian distribution. 
 Based on recent discoveries, titanosauriform sauropods, are particularly well 
represented in Laurasia, because the majority of the Early Cretaceous sauropods belong 
to this group (Canudo et al. 2008; Canudo et al., 2010). Nevertheless, as mentioned 
above, Titanosauriformes also show a good fossil record in Gondwana, particularly 
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during the Middle Cretaceous (i.e., post-Neocomian outcrops). Wilson and Mohabey 
(2006) describe a well preserved sauropod axis from the Late Cretaceous of India 
(Maastrichtian). They suggest that this postcranial element belongs to a titanosauriform 
sauropod. Unfortunately, the axis recovered from Lameta Formation, India, does not 
overlap with the two relatively well known taxa from India, Isisaurus colberti and 
Jainosaurus (― ntarctosaurus‖) septentrionalis (Wilson and Mohabey, 2006; Wilson, et 
al., 2009). Therefore, the assignment of that material as a titanosauriform from the Late 
Cretaceous may be re-considered until new materials from India and particularly from 
Lameta Formation can be described.  Conversely, the most derived macronarian 
sauropods, such as titanosaurians, were particularly successful in Gondwana (Powell, 
2003; Novas, 2009). Thus, their occurrence in the Late Cretaceous of Laurasia (e.g., 
North America and Asia) has been hypothetized as a result of inmigration from 
Gondwana. However, recent discoveries of titanosauriforms and titanosaurians in the 
Early Cretaceous of North America and Europe strongly suggest that this group may have 
attained a global distribution (Novas, 2009).  
 The origin of Titanosauriformes may be pushed back to the Middle or Late Jurassic, 
before the fragmentation of Pangea, when landbridges or corridors may have allowed the 
faunal interchange. The presence of brachiosaurids such as B. altithorax from the Late 
Jurassic of North America and B. (Giraffatitan) brancai from the Late Jurassic of Africa 
support this. Likewise, the diversification of the titanosauriform sauropods coincides with 
the break-up of Pangea (Canudo et al. 2008). The pattern of distribution and the 
consequent particular subgroup evolution may be related to an early dispersion (i.e., 
regional dispersion) and consequently vicariance processes may have been taken place. 
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Thus, the dinosaur turnover and regional extinction, due to the ecological, spatial and 
morphological evolutionary aspects, is another of the factord that reflect distribution 
patterns. Despite the fact that the sauropod fossil record increased during the decade, 
there are several temporal gaps, particularly in the Neocomian of Gondwana. Therefore, 
future discoveries in addition to more taxonomically inclusive cladistic analysis may 
elucidate the evolution and the paleobiogeographic implications of macronarian 
sauropods, particularly the titanosauriforms. 
A note on phylogenetic aspects of macronarian sauropods 
 The basal position of Camarasaurus within Macronaria is well supported. 
Haplocanthosaurus based on caudal features may be included within the group of basal 
macronarians. The mix of characters exhibited by Haplocanthosaurus throughout the 
postcranial skeleton complicates their phylogenetic position; however, the caudal 
morphology may support the inclusion of this taxon within basal macronarians. Canudo 
(2009) mentioned that Aragosaurus from the Early Cretaceous of Spain has received 
relatively little attention, particularly in the inclusion of this taxon within phylogenetic 
analyses. The pronounced lateral bulge in the proximal third of the femur suggests that 
Aragosaurus may be nested as a basal titanosauriform. Moreover, Rose (2007) placed 
Brachiosaurus as a sister taxon of Paluxysaurus, which supports the view that 
Paluxysaurus represents a basal titanosauriform sauropod. Thus, in his strict consensus 
cladogram, Cedarosaurus is dichotomously joined or linked with Venenosaurus within 
Titanosauriformes, recovered in an intermediate position between that last clade and 
Somphospondyla. Canudo et al. (2008) placed Tastavinsaurus as a sister taxon of 
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Venenosaurus within Titanosauriformes, titanosaurifoms more closely related to 
Saltasaurus than to Brachiosaurus. The cladistic analyses either of Rose (2007) or 
Canudo et al. (2008) was, basically, based on the characters proposed by Wilson (2002), 
although, the ingroup and some characters were modified or re-coded. The differences 
displayed in the phylogenetic trees show that the interrelationships within 
Titanosauriformes (including Somphospondyli) are still unsolved.  However, the cladistic 
positions of Cedarosaurus, Venenosaurus and Tastavinsaurus could support land 
connections between North America and the Iberian Peninsula during the Early 
Cretaceous; neverthelsess; the geological evidence is insufficient (Canudo et al. 2009). 
Upchurch et al. (2004) suggest that Venenosaurus may be considered as a basal 
titanosaurian. Thus they recovered Cedarosaurus as a sister taxon of Brachiosaurus. 
However, among other caudal features, the caudally inclined proximal neural spines of 
Brachiosaurus and Paluxysaurus, in contrast with the cranially inclined proximal neural 
spine of Cedarosaurus, may suggest that the latter is a phylogenetic branch above 
Brachiosaurus and Paluxysaurus (i.e., a derived titanosauriform). A possible solution to 
this should be the inclusion of all the taxa abovementioned into a cladistic analysis. 
Furthermore, in order to interpret the inter-relationships of Titanosauriformes the 
selection of the outgroups may be important.  In general, the authors choose well 
represented matrices (e.g., Salgado et al. 1997a; Wilson and Sereno, 1998, Upchurch, 
1998; Wilson, 2002, among others), however, when the aim is to solve the 
interrelationships of specific groups, the selection of the full matrix and the consequent 
inclusion of the taxon in study may be inadequate. Therefore, a solution to this, if the 
objective is to test the relationships within Titanosauriformes, basal macronarian and 
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diplodocids sauropods may be chosen as outgroups. Conversely, Chubutisaurus, 
Ligabuesaurus and Malarguesaurus encompass a well represented group of 
somphospondylan titanosauriforms from the late Early Cretaceous of Argentina. The 
postcranial skeletons display a set of characters that suggest that these Patagonian taxa 
are more closely related to titanosaurian sauropods, particularly the basal ones, than to 
basal titanosauriforms (e.g., Brachiosaurus, Paluxysaurus). 
 Although the fossil record of titanosaurian sauropods has increased in recent years, 
but still the phylogenetic position of some titanosaurs as well as the status of some of 
their groups are controversial. Neverthelsess, there is broad consensus about some 
titanosaurian systematic groups, including Titanosauria, Lithostrotia (Titanosauridae, but 
not Saltasauridae contra Sereno, 1998), Saltasaurinae and Opisthocoeliicaudinae. 
However, although rigorous phylogenetic analyses may be needed (see below in 
discussion), based on the caudal comparisons, basal titanosaurian (=Andesauroidea, 
including Andesaurus and probably ―morpho 2‖ Gomani et al. 1999),  eolosaurine 
(including Aeolosaurus, Gondwanatitan and probably some of the recent described 
Brazilian taxa) and Saltasaurinae (including Neuquensaurus, Saltasaurus and 
Rocasaurus) represent well supported titanosaurian subgroups or subclades. 
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Titanosauria: comments based on caudal vertebrae  
  The procoelous condition in the caudal series throughout the tail present in many 
titanosaurids (e.g., Aeolosaurus, Alamosaurus, Epachthosaurus, Neuquensaurus, 
Saltasaurus, among others) is interpreted as a distinctive feature of this group of 
dinosaurs. On the other hand, the Patagonian titanosaurians Rincosaurus and 
Pitekunsaurus, the basal members of Titanosauria such as Andesaurus (Calvo and 
Bonaparte, 1991), Mendozasaurus (Gonzalez Riga, 2003, 2005) Malawisaurus (Gomani, 
1999a, Gomani, et al., 1999b), and the exceptional case of Opisthocoelicaudia (Borsuk-
Bialynicka, 1977), show that this condition was not a uniform character in the tail of this 
group of dinosaurs (see, Salgado and Calvo, 1993a). 
Salgado et al. (1997a) considered as a derived feature the presence of 
―dorsoventrally convex lateral faces‖ in the medial and distal caudal centra. This feature is 
exhibited in several taxa of derived titanosaurians encompassed within saltasaurine 
titanosaurs. Moreover, the biconvex condition in the first caudal of several titanosaurids 
such as Alamosaurus, Neuquensaurus, Pellegrinisaurus and apparently  Aeolosaurus, was 
deemed an apomorphic condition. Nevertheless, biconvexity in the first caudal vertebrae is 
not unique to this group of derived sauropod dinosaurs, given that a similar condition 
occurs in other titanosaurids, such us  Baurutitan britoi (―Series  ‖ Brasil, Powell, 2003; 
Kellner et al. 2005), probably ― nt r t s urus” wi h  nni nus (see Novas, 2009), and 
Epachthosaurus sp (Salgado et al. 1997a). The absence of caudal hyposphene-hypantrum 
articulations is a diagnostic feature in Titanosauridae (Novas et al, 2005). This articulation, 
however, is present in a basal form such as Epachthosaurus sciuttoi (Martinez et al, 2004), 
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although it was considered an autapomorphy in this taxon. The intervertebral complex in E. 
sciuttoi, through the first fourteen caudals, is morphologically different from those 
described by Upchurch (1998) in several other sauropods (e.g., rebbachisaurids) as 
―hyposphenal ridges‖ (Martinez et al. 2004; pers. obs.). The presence of ventral 
depressions and in some cases divided by a longitudinal septum (e.g., Rocasaurus) is a 
feature restricted to more derived titanosaurs (i.e., Saltasaurinae and the more inclusive 
clade Saltasaurini, sensu Salgado and Bonaparte, 2007 respectively). Moreover, the 
presence of cavities or fossae in some titanosaurian taxa (e.g., Futalognkosaurus, 
Mendozasaurus, Neuquensaurus, Rocasaurus, and Saltasaurus, among others) is a feature 
exhibited in the caudal neural spines of several titanosaurian sauropods. However, the 
degree of development and positions of these cavities is not uniform among these taxa. 
Although  caudal neural arch laminations are found in the basal titanosaurian 
Malawisaurus, strong laminar development such as  the pre- and postspinal, 
spinozygapophyseal and in some case accessory laminae are observed in Epachthosaurus 
and the subsequent titanosaurian groups, a condition which could indicate that well 
developed laminae are represented in lithostrotian titanosaurians (including 
Epachthosaurine plus Futalognkosaurus and Mendozasaurus, Saltasaurinae, Aeolosaurine, 
and Opisthocoelicaudiinae).  
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A brief comment about caudal vertebrae homoplasies within Titanosauria  
As mentioned above biconvex caudal centra are features found in several 
titanosaurs such as Aeolosaurus, Alamosaurus, ― nt r t s urus” wi h  nni nus  
Baurutitan, Pellegrinisaurus, and Neuquensaurus. Although all these taxa are more derived 
than several other titanosaurians (e.g., Epachthosaurus, Malawisaurus, Mendozasaurus), 
they are currently nested in different subgroups within Titanosauria. Therefore, the 
biconvexity in the first caudal vertebra, in which the caudal cotyle is more developed than 
the cranial cotyle supporting the consequent procoely, may indicate that this condition is 
independently acquired within derived titanosaurian sauropods (i.e., Aeolosaurus + 
Alamosaurus + Saltasaurinae, Salgado and Bonaparte, 2007). However, because, biconvex 
first caudal centra are also found in early archosaurian (e.g., Thoracosaurus neocesariensis, 
per. obs.) biconvexity in the first caudal vertebra may be considered as a reversal 
homoplasy. 
The transverse and the craniocaudal expansion of the neural spines differ among 
titanosaurian sauropods; however, that seen in the Patagonian taxon Futalognkosaurus 
dukei (Calvo et al. 2007b) is not observed in any other either derived or basal titanosaurs. 
Regarding this, strongly marked transverse neural spine expansion of the first caudal 
vertebra of F. dukei, in which in cranial view, both lateral ends are somewhat rounded and 
in the top of the neural spines bears a supraspinal lamina, resembles those in diplodocid 
sauropods (e.g., Apatosaurus and Diplodocus). Therefore, this character could be another 
homoplastic feature that appears independently within Neosauropoda. However, it is 
important to stress that either derived diplodocids or Futalognkosaurus are among the 
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biggest sauropods in the fossil record; hence, the strong transversely expanded neural 
spines and the presence of marked rugosities and several cavities, particularly observed in 
the Patagonian taxon, could indicate features related to the insertion of soft tissues due to 
the size of these dinosaurs.  
Finally, intraprezygapophyseal lamina is described in the basal titanosauriform 
Paluxysaurus (Rose, 2007). This lamina in the middle caudals is also present in the same 
section of the tail of other sauropods such as the titanosaurian Rinconsaurus and 
Uberabatitan (Salgado and Carvalho, 2008). Likewise, in diplodocoid sauropods (e.g., 
rebbachisaurids) an intraprezygapophyseal ridge is found (Ibiricu, et al., in revision). 
Therefore, the intraprezygapophyseal lamina (probably the same structure as the 
interprezygapophyseal ridge) may represent a feature which appears independently within 
Neosauropoda or at least within Macronaria, because either Paluxysaurus or Rinconsaurus 
and Uberabatitan are nested in different macronarian subgroups (i.e., as a basal 
titanosauriform and within Titanosauria respectively). 
Brazilian titanosaurian sauropods 
Several recent titanosaurs from the Late Cretaceous of Brazil have been described 
and re-named such as Adamantisaurus, Baurutitan, Trigonosaurus and Uberabatitan. In 
addition to these taxa Maxakalisaurus topai (Kellner et al., 2006) is another of the new 
titanosaurian sauropods from Brazil. The taxonomic recognition and differentiation greatly 
increase the number of sauropods and particularly titanosaurian taxa from outcrops of the 
Upper Cretaceous of Brazil. Although, Trigonosaurus (=‖Series B‖ Brazil) is the only 
taxon which had been received or considered in phylogenetic analyses, the morphological 
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characters displayed for the postcranial skeleton and the caudal vertebrae sequence suggest 
that they are generically different. However, some of the taxa, based on the caudal 
comparison, appear to be more closely related (e.g., Adamantisaurus, Baurutitan, and 
Trigonosaurus in one group and Uberabatitan and probably Maxakalisaurus in another 
group). Nevertheless, of all these Brazilian taxa as a whole, neither are basal titanosaurian 
representatives (i.e., Basal lithostrotian or epachthosaurines) nor more derived titanosaurs 
(i.e., saltasaurines)(see Campos et al. 2005; Kellner et al. 2005,2006; Salgado and 
Carvalho, 2008) with the possible exception of Uberabatitan. These should be included in 
a sister group of Saltasaurine. Several of the caudal features abovementioned suggest 
morphological relationships among the Brazilian taxa, including Gondwanatitan, and the 
Argentinian taxa such as Aeolosaurus, Muyelensaurus, probably Pitekunsaurus and 
Rinconsaurus. Therefore, either Aeolosaurine or Rinconsauria, if this last clade is accepted, 
may have to be redefined (i.e., more phylogenetically inclusive). Likewise, considering the 
apparent relationships of the Brazilian and Patagonian titanosaurian taxa, including 
Pellegrinisaurus, a clade that encompasses the abovementioned groups placed between 
Epachthosaurine and Saltasaurine may be needed. This suggestion must be supported or not 
with new discoveries as well as a rigorous phylogenetic analysis including all these 
titanasaurian taxa. Finally, the titanosaurids from Brazil, especially those from the Bauru 
Group, may have been as rich and diverse as in other Gondwanan localities (Salgado and 
Carvahlo, 2008). 
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CONCLUSIONS 
 
Macronarian dinosaurs were one of the most successful, as well as one of the most 
widely distributed groups within Sauropoda, due largely to their evolution of numerous 
morphological adaptations. Macronarian osteology, particularly postcranial osteology, is 
generally well understood, with most taxa represented by at least some axial and 
appendicular elements. Nevertheless, the phylogenetic relationships of many macronarian 
taxa and their respective subgroups are controversial or still unsolved. Although, a set of 
cranial and postcranial characters have been added to recent phylogenetic analyses in order 
to interpret the relationships of sauropods, more novel characters are needed (Wilson, 
2006). Thus, new and more complete macronarian taxa may help to elucidate many of the 
questions surrounding the morphological evolution, paleoecology, and phylogeny of that 
group of sauropod dinosaurs. Therefore, this current overview based on caudal vertebral 
morphology will comprise an important source of data that will be useful for future 
anatomical, phylogenetic and paleobiogeographic analyses. Furthermore, this comparative 
anatomical study of macronarian caudal series may be important in order to document 
evolutionary caudal trends within the clade in greater detail. These points of research will 
be explored and analyzed in future projects. 
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Table 1.1: Phylogenetic definitions for Macronaria subclades (excluding Titanosauria 
and its subclades). Node – based definitions are in boldface type, stem – based definitions 
are in regular type.  
 
  Definition Reference 
   
 
The most recent common ancestor of 
 Camarasauromorpha Camarasauridae and Titanosauriformes Salgado, et al., 1997a 
 
and all of its descendants 
 
   
   
Brachiosauridae Titanosauriforms more closely related to 
Wilson and Sereno, 
1998 
 
Brachiosaurus than to Saltasaurus 
 
   
   
 
The most recent common ancestor of 
 Titanosauriformes Brachiosaurus brancai, Chubutisaurus  Salgado, et al., 1997a 
 
insignis and Titanosauria and all of its  
 
 
descendants 
 
   
   
Somphospondyli Titanosauriforms more closely related to  
Wilson and Sereno, 
1998 
 
Saltasaurus than to Brachiosaurus 
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Table 1.2: Phylogenetic definitions for Titanosauria and its subclades. Node- based 
definitions   are in boldface type, stem- based definitions are in regular type. 
 
 
  Definition Reference 
   
Titanosauria 
(Bonaparte and Coria, 
1993) 
 All somphospondylans closer to 
Saltasaurus than to Euhelopus 
Romer  
Salgado, 2003 
   
      
   
Andesauroidea All titanosaurs closer to 
Andesaurus than to Saltasaurus  
Salgado, 2003 
(Salgado, 2003)   
      
   
   
Lithostrotia 
(Upchurch et al., 2004) 
Malawisaurus dixeyi (Haughton 
1928), Saltasaurus loricatus 
(Bonaparte and Powell 1980), their 
most recent common ancestor, and 
all descendants 
Curry Rogers, 2005 
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 Definition Reference 
Epachthosaurinae 
(Salgado, 2003) 
All titanosaurs closer to 
Epachthosaurus than to 
Saltasaurus  
Salgado, 2003 
   
      
   
Saltasaurinae 
(Powell, 1992) 
All saltasaurids more closely 
related to Saltasaurus loricatus 
(Bonaparte and Powell 1980) than 
to Opisthocoelicaudia skarzynskii 
(Borsuk - Bialynicka 1977) 
Curry Rogers, 2005 
  
   
   
      
   
Opisthocoelicaudiinae 
(McIntosh, 1990) 
All saltasaurids more closely 
related to Opisthocoelicaudia 
skarzynskii(Borsuk - Bialynicka 
1977) than to Saltasaurus loricatus 
(Bonaparte and Powell 1980) 
Curry Rogers, 2005 
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Table 1.3: Articular caudal surfaces definitions (modified from Tidwell et al., 2001). 
Term Definition  Group within 
Macronaria 
Taxon  
Amphicoelous Both articular surfaces concaves Camarasauromorpha Camarasaurus 
Platycoelous Both articular surfaces sligthly 
concaves 
Brachiosauridae Brachiosaurus 
Amphiplatyan Both articular surfaces flat Basal Titanosauriformes Paluxysaurus 
Procoelous Ball and socket, cranially the socket 
and caudally the ball 
Lithostrotia Epachthosaurus 
Biconvex Ball in both articular surfaces Saltasaurinae Neuquensaurus 
Opisthocoelous Ball and socket, cranially the ball and 
caudally the socket 
Opisthocoelinae Opisthocoelicaudia 
Procoelous-
distoplatyan, 
procoelous-
opisthoplatyan, plani-
concave, *amphicoely-
distoplatyan 
                                                                                           
Cranial articulation concave and caudal 
articulation flat 
Somphospondylan  
titanosauriforms 
Malarguesaurus 
*Amphicoely-
distoprocoelous 
Cranial articulation concave, and 
sligthly developd caudal ball 
Somphospondylan 
titanosauriforms 
Tastavinsaurus 
*Opisthocoely-
distoplatyan, plani-
convex 
Cranial articulation slightly convex, 
caudal articulation flat 
Somphospondylan 
titanosauriforms 
Venenosaurus 
94 
 
 
 
 
 
 
 
 
 
Figure 1.1: Silhouette skeletan reconstruction of macronarian sauropod dinosaurs    
marking the caudal vertebrae section (Based on Gonz lez Riga 2003; Mendozasaurus) by 
Jason Poole. 
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Figure 1.2: Proximal caudal vertebrae in lateral view. 
A, Haplocanthosaurus (redraw from); B, Camarasaurus (redraw from McIntosh et al. 
1996a). 
 
 
 
 
Figure 1.3: Proximal caudal vertebrae in lateral view. 
A, Brachiosaurus brancai (redraw from Janensch 1950); 
B, Tastavinsaurus sanzi (redraw from Canudo et al. 2008); 
C, Malarguesaurus florenciae (redraw from 
Gonz lez Riga et al. 2008). 
96 
 
 
 
 
 
 
 
 
 
 
Figure 1.4: Proximal caudal vertebrae in lateral view. 
A, Paluxysaurus jonesi (redraw from Rose, 2007); 
B, Cedarosaurus weiskopfae (redraw from Tidwell et al. 1999). 
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Figure 1.5: Location of the postzygapophyses referring to vertebral centrum in proximal 
middle     caudals of different titanosaurus. A, Aeolosaurus rionegrinus; B, Aeolosaurus 
colhuehuapensis; C, Aeolosaurus sp.; D, Alamosaurus sanjuanensis; E, Andesaurus 
delgadoi; F, Neuquensaurus australis; G, Baurutitan britoi; H, Titanosaurinae indet.; I, 
Titanosaurus sp.; J, Mendozasaurus neguyelap; K, Saltasaurus loricatus; L, 
Epachthosaurus sciuttoi (taking, with authorization, from Casal et al. 2007). 
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CHAPTER 2: EVOLUTION OF THE CAUDAL VERTEBRAE IN 
MACRONARIAN SAUROPODS: PHYLOGENETIC IMPLICATIONS 
 
ABSTRACT 
 
A morpho-evolutionary study based on caudal vertebrae of macronarian sauropod 
dinosaurs was performed. This current study comprises an important source of data 
useful for future anatomical, phylogenetic and paleobiogeographic analyses. Likewise, 
this comparative anatomical study of macronarian caudal series may be important in 
order to document evolutionary trends in tail development within the clade in greater 
detail. The use of characterizations such as procoelous – opisthoplatyan or procoelous- 
distoplatyan for the caudal vertebrae, in which the cranial articular surfaces are concave 
and caudal articular surfaces are flat is supported. However, because neither the cranial 
concavity nor the caudal flat ends necessarily reflect an incipient procoely, a new 
character combination is suggested, amphicoely-distoplatyan, based on the articulation of 
adjacent caudal surfaces. Thus, a new caudal character state is proposed, amphicoely-
distoprocoelous, by which the centra display a cranial concavity less pronounced that 
those seen in Titanosauridae (=Lithostrotia) and incipient caudal procoely. The results of 
the phylogenetic analysis are fairly similar to those obtained by others authors. 
Nevertheless, this current analysis differs from those regarding the position of some of 
the sauropod taxa. The phylogenetic consistency of the 45 caudal characters is analyzed. 
Furthermore, considering the apparent relationships of the Brazilian and Patagonian 
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titanosaurian taxa, a clade which encompasses the abovementioned groups placed 
between Epachthosaurine (if the latter is accepted) and Saltasaurinae may be needed. 
 
INTRODUCTION 
 
Macronarian dinosaurs were one of the most successful and widely distributed 
groups within Sauropoda, due largely to the evolution of numerous morphological 
adaptations that enabled them to exploit a wide variety of large herbivorous niches (Wedel 
et al., 2000; Wilson, 2002, 2005; Upchurch and Barrett, 2005). Macronarian osteology, 
particularly postcranial osteology, is generally well understood, with most taxa represented 
by at least some axial and appendicular elements. Yet despite this rich osteological record, 
the phylogenetic relationships of many macronarian taxa and their respective subgroups are 
controversial or still unsolved (e.g., Salgado et al.; 1997a; Upchurch, 1995,1998; Wilson 
and Sereno, 1998; Bonaparte, 1999a; Wilson, 2002; Powell, 2003; Wilson, 2005). 
Although cranial and postcranial characters have been added to recent phylogenetic 
analyses in an effort to interpret the relationships of sauropod dinosaurs, more novel 
characters are needed (Wilson, 2006). Thus, new and more complete macronarian taxa may 
help dissipate many of the questions surrounding the morphological evolution, 
paleoecology, and phylogeny of this group.  
The sauropod vertebral column contains numerous diagnostic structures (McIntosh, 
1990a; Wilson, 2005); hence, this portion of the skeleton has been examined particularly 
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closely and employed by several studies to test phylogenetic hypotheses (e.g., Gomani et 
al., 1999a; Curry Rogers, 2005) and consequently to infer the systematic positions of 
disparate sauropod species. Tidwell et al. (2001) considered the proximal caudal vertebrae 
of sauropod taxa to be diagnostic. Likewise, Salgado (1996) cited the importance of these 
caudal vertebrae in the systematics of Titanosauria. Within this latter clade, caudal 
sequences in particular are abundantly represented; indeed, some titanosaurian taxa (e.g., 
Adamantisaurus, and Baurutitan from the Late Cretaceous of Brazil; Santucci and Bertini, 
2006; Kellner et al., 2005) are presently known only from these elements. As a result, the 
caudal series is of particular importance to the understanding of macronarian evolution. 
Therefore, the current analysis, based on caudal vertebral morphology, provides a valuable 
source of data for future anatomical, phylogenetic, and paleobiogeographic analyses. 
Furthermore, this comparative anatomical and evolutionary study of macronarian caudal 
series may be important for understanding evolutionary caudal trends within the clade in 
greater detail. 
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MATERIALS AND METHODS 
 
In order to analyze the evolution of the caudal vertebrae in macronarian sauropod 
dinosaurs, several macronarian taxa were selected and compared (Table 2.1-2.2). Because 
the current study is focused on caudal vertebrae, the selection of the macronarian sauropods 
(Tables 2.3-2.4) was based on macronarians in which this part of the axial skeleton is well- 
represented. Some of the taxa were directly observed and in other, the morphological 
information was taken from the literature.  
A phylogenetic analysis was performed in order to elucidate the relationships 
among Macronaria using PAUP 4.0 beta 10 (Swofford, 2002). Because the aim of this 
work is based on the caudal macronarian vertebrae evolution, the following taxa were used 
as outgroups: Prosauropoda, Shunosaurus, Omeisaurus (basal eusauropods), and 
diplodocoids (Limaysaurus, Nigersaurus, Barosaurus and Diplodocus). The matrix is 
composed for a total of 27 ingroup taxa and 247 characters (including 45 caudal 
characters). Both ACCTRAN and DELTRAN optimizations were performed. All 
characters were equally weighted and unordered. The taxa were coded from direct 
observation and from the literature (see Table 2.1-2.2). The majority of the characters were 
taken from Wilson (2002), whereas the ingroup taxa are a combination of the matrices of 
Rose (2008);  anudo et al. (2009), and Gonz lez Riga et al. (2008). The caudal characters 
were coded or modified from Wilson (2002), Curry Rogers (2005), Gonzalez Riga et al. 
(2008) and Canudo et al. (2008)(see Appendix 2.1-2.2). In the Argentinean taxa, 
Malarguesaurus (Gonz lez Riga et al., 2008), Mendozasaurus (Gonzalez Riga 2003, 
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2005), Muyelensaurus (Calvo et al., 2007a), Pellegrinisaurus (Salgado, 1996) and 
Rinconsaurus ( alvo and Gonz lez Riga, 2003), only the caudal characters were coded. In 
the majority of these forms, the best represented section is that of the tail. 
 
COMPARISON AND DESCRIPTION 
Caudal Characters  
Note: Between parentheses are the respective caudal character numerations according to 
Appendix 2.1. 
(1-2) Caudal bone texture and caudal vertebrae number. 
The spongy, large internal cell bone texture of the presacral vertebrae is one of the 
distinguishing features of somphospondylan sauropods (Wilson and Sereno, 1998). This 
internal bone structure extends to the proximal caudal vertebrae (at least) of saltasaurine 
titanosaurians (Wilson, 2002; Novas, 2009), such as Neuquensaurus, Rocasaurus and 
Saltasaurus. However, ―spongy‖ (non-cancelous) tissue structure is observed among 
titanosaurian sauropods. Within somphospondylan titanosauriformes, the presence of 
spongy (non-cancelous) internal cell bone is documented in Malarguesaurus (Gonzalez 
Riga et al., 2008), in contrast with the European somphospondylan titanosauriform 
Tastavinsaurus, which shows solid internal caudal structure (Canudo et al., 2008). 
Likewise, basal macronarian and brachiosaurids (e.g., Camarasaurus and Brachiosaurus 
respectively) and basal titanosauriforms (e.g., Paluxysaurus) display this internal structure 
in the proximal caudal vertebrae.  
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The caudal vertebral number varies among macronarian sauropods. Within basal 
macronarians, the tail of the medium-sized Camarasaurus is composed of 53 caudal 
vertebrae; this count supported with the occurrence of two complete caudal series 
(McIntosh et al., 1996a; Wilson, 2005). The relatively short tail of brachiosaurids also 
appears to be composed of 53 elements (McIntosh, 1990, pag. 60 Tab. 4.1); however, there 
is no evidence of a complete caudal sequence. Conversely, the number of caudal vertebrae 
of basal titanosauriforms and somphospondylan titanosauriforms is unknown. Within 
derived macronarian (i.e., titanosaurian sauropods) the caudal vertebrae count displays 
variation, due to the taxonomic diversity. Therefore, as result of this, titanosaurids are 
represented by small and large forms; therefore, this group of derived sauropods displays 
taxa with a vertebrae count of more than 45 caudal vertebrae as well as 35 or fewer caudal 
elements.  
(4)  First caudal centrum, articular face shape. 
The nature of the articulation in the proximal-most caudal vertebra of several 
macronarian sauropods is unknown. However, there are several taxa within the group in 
which this caudal element was recovered., The proximal caudal vertebrae of Camarasaurus 
is amphicoelous, with the cranial surface gently more concave than the caudal surface. The 
most proximal caudal vertebra of Brachiosaurus is gently amphicoelous (platycoelous), 
whereas basal titanosauriforms (e.g., Paluxysaurus) exhibit amphiplatyan caudal centrum. 
The first caudal vertebra (probably the first in the caudal sequence) recovered from 
Venenosaurus, a putative derived titanosauriform or a somphospondylan titanosauriform 
(Rose, 2007; Canudo et al., 2008 respectively) show some degree of convexity in the 
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cranial articular surface. However, the incipient procoelous state of the latter differs from 
the strongly opisthocoelous caudal centrum such as those seen in the Asian titanosaur 
Opithocoelicaudia (Borsuk-Bialynicka, 1977).  The proximal-most caudal vertebrae 
preserved in Chubutisaurus insignis, a somphospondylan titanosauriform, have a slightly 
convex cranial surfaces, whereas the caudal articulations are flat to gently concave 
(Salgado and Bonaparte, 2007; Novas, 2009). Within Titanosauria, in the andesauroidean 
representative (Salgado, 2003) Andesaurus, the proximal-most caudal centra are slightly 
procoelous (in this current work interpreted as amphicoely-distoprocoelous, see 
discussion). The procoelous articulation condition, in which the cranial articulation is 
concave and the caudal articulation displays a strong ―ball,‖ appear in the basal 
titanosaurian Epachthosaurus sciuttoi, a representative of the clade Epachthosaurine 
(Salgado, 2003). The proximal-most (and probably first in the sequence) caudal of 
Futalognkosaurus (Calvo et al., 2007b) is procoelous, as those seen in the basal 
lithostrotian sauropod Mendozasaurus, although less marked in the latter. The Asian 
titanosaurus, Opisthocoelicaudia exhibits a unique proximal-most caudal articulation 
within Sauropoda in general and within Titanosauria in particular, in which the procoely is 
developed in the cranial surface and the concavity in the caudal surface. The biconvex 
condition in the first caudal of several titanosaurs such us Alamosaurus, Neuquensaurus, 
Pellegrinisaurus, and apparently in Aeolosaurus, was deemed an apomorphic condition. 
Nevertheless, biconvexity in the first caudal vertebrae is not unique to this group of derived 
sauropod dinosaurs, given that a similar condition occurs in other titanosaurids, such as  
Baurutitan britoi (―Serie  ‖ Brasil, Powell, 2003; Kellner et al., 2005), probably 
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Antarctosaurus (=?Jainosaurus, Wilson et al. 2009) wichmannianus (see Novas, 2009), 
and Epachthosaurus sp. (Salgado et al. 1997a). 
(5) First caudal neural arch, coel/ fossa on lateral aspect of neural spine. 
The first caudal vertebra is unknown in several macronarian sauropods. However, 
in the taxa in which the first caudal neural spine was preserved the presence or absence of a 
lateral fossa can be recognized. This structure, probably related to the insertion of soft 
tissue, is absent in several macronarian subgroups such as Camarasauromorpha (sensu 
Salgado et al., 1997a), Brachiosauridae (Riggs, 1904), basal titanosauriformes and 
somphospondylan titanosauriformes. The fossa, or coel, on the lateral aspect of the first 
neural spine is exhibited within Titanosauria, particularly in the representatives of the 
subgroup Opisthocoelicaudiinae (McIntosh, 1990), including Alamosaurus and 
Opisthocoelicaudia, which support a synapomorphy for this titanosaurian subclade 
(Wilson, 2002). Nevertheless, the lateral fossa is also present in the recently described 
titanosaur Adamantisaurus (Santucci and Bertini, 2006) from the Late Cretaceous of Brazil 
and in undescribed titanosaurian from the Late Cretaceous of Patagonia, Argentina (LMI, 
pers. obs.). 
(6) Proximal caudal centra (excluding the first), articular face shape. 
The proximal caudal section is well represented within Macronaria. The complete 
caudal proximal sequence of the basal macronarian sauropod Camarasaurus (Ikeijiri et al., 
2005) displays amphicoelous centra, as do those observed in the putative titanosauriform 
Aragosaurus ischiaticus (Sanz et al., 1987; Canudo et al., 2001) and Haplocanthosaurus ( 
Hatcher, 1903). However, in the latter taxa, although their osteology is well-known, their 
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phylogenetic relationships within Sauropoda are unresolved (see discussion). The 
brachiosaurids as such Brachiosaurus altithorax and Brachiosaurus (―Giraffatitan‖, 
Taylor, 2009) brancai show slightly amphicoelous proximal caudal centra (platycoelous 
caudal centra according to Romer, 1956). On other hand, basal titanosauriformes 
(Paluxysaurus and Pleurocoelous =Astrodon, Carpenter and Tidwell, 2005, nanus) display 
amphiplatyan caudal centra. This articular character state is shared with the proximal 
caudal vertebra (excluding the proximal-most) found in Venenosaurus. Conversely, the 
most proximal caudal vertebrae of Cedarosaurus (Tidwell et al., 1999) display distinctive 
intercentral articulations. The cranial articular surfaces are gently concave, whereas the 
caudal articulations are flat (procoelous-distoplatyan according to Gonz lez Riga et al., 
2008). This condition is shared with other somphospondylan titanosauriforms or derived 
titanosauriforms, such as the Patagonian sauropod Malarguesaurus and the recently 
described European somphospondylan Tastavinsaurus. Canudo et al. (2008) described the 
articular condition as slightly procoelous in Tastavinsaurus. The proximal caudal vertebrae 
of titanosaurian sauropods show different degrees of development of the caudal ―ball.‖ The 
basal-most representative of the Titanosauria clade, Andesaurus, displays a slightly 
developed caudal cotyles or condyles in the proximal centra (here interpreted as 
amphicoelous-distoprocoelous condition), as those observed in Chubutisaurus. The 
Titanosauria subclades, Epachthosaurine, as well as the lithostrotian titanosaurians 
(Titanosauridae, sensu Salgado et al., 1997a) exhibit strongly procoelous articulation with 
prominent caudal condyles, excluding the opisthocoelicaudiine titanosaurs, 
Opisthocoelicaudia and the another Asian titanosaurid, Borealosaurus wimani (You et al., 
2004), which also display opisthocoelous proximal caudal vertebrae. 
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(7-8) Proximal caudal centra, pneumatopores (pleurocoels) and length. 
The absence of pleurocoels on the lateral aspect of the proximal caudal vertebrae is 
a feature which characterizes the majority of macronarian sauropods. However, 
Neuquensaurus (Lydekker, 1893; Salgado et al., 2005) displays small asymmetrical 
pleurocoels on the lateral aspect of the proximal caudal centra, a feature that distinguishes 
this taxon from other macronarians in general and from their close relatives (e.g., 
Saltasaurus) in particular. Nevertheless, the presence of lateral fossae in the proximal 
caudals is not exclusive to that derived titanosaurian, owing to the fact that pleurocoels are 
observed in other macronarian representatives such as Cedarosaurus and Venenosaurus. 
Likewise, in the latter taxon, the lateral depression (i.e., pleurocoel) is divided by an 
internal ridge, whereas in Cedarosaurus the lateral fossae are poorly developed (Tidwell et 
al. 2001). The presence of this anatomic structure (which is probably pneumatic or a 
muscular attachment) is observed in the representatives of the sister lineage of Macronaria, 
the clade Diplodocoidea (including diplodocids such as Diplodocus and Barosaurus and 
some basal diplodocoids such as rebbachisaurids (Ibiricu, et al., in revision.). 
The proximal caudal centra length in the macronarian taxa of which the proximal 
section is known (e.g., Camarasaurus, Brachiosaurus, Tastavinsaurus and 
Trigonosaurus, among others) is approximately the same. On other hand, in diplodocid 
sauropods (e.g., Diplodocus, Barosaurus), the proximal caudal centra increase their 
lengths for the cranial portion of the tail. This pattern may be compared to the condition 
of the distal-most caudal centra (i.e., biconvex distal-most caudals) as a result of the 
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inferred whip-tail function. However, the morphology and the inferred function are not 
exclusive to that sauropod clade (see below in text). 
 (3-15-16) Proximal caudal transverse processes, shape, proximal depth and 
persistence. 
The cranial-most transverse process of Camarasaurus shows an ―aliform‖ shape 
as result of its dorsal and ventral insertions. However, it clearly differs from the 
morphology seen in diplodocid sauropods (e.g., Diplodocus, Barosaurus) and in some 
rebbachisaurids, in which the wing-like, proximal-most transverse processes are 
supported by two well marked dorsal and ventral osseous components or bars (Calvo and 
Salgado, 1995; Salgado et al., 2004; Gallina and pestegu a, 2005; Ibiricu et al., in 
revision.). The shape of the transverse processes in Camarasaurus, which are observable 
in cranial and caudal view, is determined by the deep attachment which extends from 
centrum to neural arch. Through the rest of the proximal caudal sequence, the transverse 
processes are horizontal and flat, and the caudal border is caudally directed. In 
brachiosaurid sauropods the dorsoventrally compressed transverse processes are located 
in the base of the neural arches. They project caudally and their distal edges slightly 
surpass the caudal articular surface of the centrum. In dorsal view, the triangular, distally 
tapering transverse processes are subrectangular in shape. The general morphology, the 
attachment, and the caudal orientation of the proximal transverse processes of basal 
Titanosauriformes (e.g., Paluxysaurus) and somphospondylan titanosauriforms (e.g., 
Malarguesaurus and Tastavinsaurus) are comparable to what are observed in 
brachiosaurid sauropods. Within Titanosauria, the transverse processes are caudally 
109 
 
 
 
directed. Although the morphology in general resembles those seen in somphospondylan 
titanosauriforms, in titanosaurids they are relatively more robust.  
Regarding the persistence of the transverse processes, in macronarian sauropods 
this feature displays variation within the subgroups. For example, in camarasaurids and 
brachiosaurids, the transverse processes persist through the proximal caudal sequence and 
the proximal-most section of the middle caudal sequence. The same distribution is 
present in some titanosaurian sauropods; however, in opisthocoelicaudine titanosaurians, 
such as the Laurasian titanosaurs Alamosaurus and Opisthocoelicaudia, the transverse 
processes disappear in the proximal portion of the tail (i.e., around the tenth caudal). 
(32) Neural arch in proximal caudal vertebrae, position. 
In basal macronarias such as Camarasaurus, the proximal neural arches are 
placed on the middle of the centrum. However, this basal macronarian representative 
shows strong craniocaudally compressed proximal centra. In Brachiosaurus, although the 
centra compression is less marked, the proximal neural arches are placed on the cranial 
portion of the centrum. Similar positioning is found in basal titanosauriformes such as 
Paluxysaurus and Pleurocoelus nanus (Marsh, 1888) (=?Astrodon johnsoni, Carpenter 
and Tidwell, 2005). On other hand, in somphospondylan Titanosauriformes (e.g., 
Malarguesaurus, Tastavinsaurus), the proximal neural arches are located on the cranial 
border of the centrum as those seen in several titanosaurian sauropods.   
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  (9- 10-11-12) Proximal caudal neural arches, lamination (spinoprezygapophyseal, 
spinopostzygapophyseal, prespinal and postspinal laminae). 
In the proximal neural arches, diplodocid sauropods display a 
spinoprezygapophyseal lamina which extends onto the lateral aspect of the neural spines 
(Wilson, 1999).  Representatives of the Macronaria sister lineage also exhibit a prominent 
lateral lamina due to the junction of the spinoprezygapophyseal and spinodiapophyseal 
laminae. Dicraeosaurids (e.g., Dicraeosaurus) and rebbachisaurids (e.g., Amazonsaurus, 
Limaysaurus and rebbachisaurid materials from the Bajo Barreal Formation, Argentina, 
Carvalho and Salgado, 2003; Calvo and Salgado, 1995; Ibiricu, et al., in prep.) show 
prominent lateral laminae; however, these diplodocoid sauropods exhibit a single strong 
lamina in the lateral aspect of the proximal neural spines. Conversely, in macronarian 
sauropods the spinoprezygapophyseal laminae are reduced in the proximal neural arches, 
particularly in the basal macronarians (e.g., Camarasaurus) and Titanosauriformes (e.g., 
Paluxysaurus). Likewise, the strong lateral laminae seen in diplodocoids, as a result of 
the linkage of the spinoprezygapophyseal and spinodiapophyseal laminae, are absent in 
macronarians. The spinoprezygapophyseal and the spinopostzygapophyseal laminae are 
shorter, but relatively well developed in lithostrotian titanosaurians. 
The prespinal lamina spans the cranial aspect of the neural arch. This spinal 
lamina is present in diplodocoid sauropods as well as within macronarian sauropods. 
However, within the latter, the length and development are different in the macronarian 
subgroups. For example, the prespinal lamina in camarasaurids (e.g., Camarasaurus), in 
basal Titanosauriformes (Brachiosaurus, Paluxysaurus) and somphospondylan 
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titanosauriforms (e.g., Malarguesaurus, Tastavinsaurus) is short (i.e., low, in the base of 
the neural spine) and weakly pronounced. Conversely, the well marked prespinal lamina 
observed in titanosaurians is longer than those seen in the basal representatives of 
Macronaria. The prespinal lamina in titanosaurians spans the total cranial aspect of the 
neural spines and in some titanosaur taxa, such as Futalognkosaurus, continue over the 
proximal end forming a supraspinal lamina (sensu Calvo, et al. 2007b). The prespinal 
lamina is observed in the proximal and the proximal-most middle caudal vertebrae. 
Similarly, their counterpart spinal lamina, the postspinal, shows the same pattern of 
distribution and development within Macronaria and their sister linage, Diplodocoidea.  
(14-33-41) Proximal caudal neural spines, transverse breadth, spinous process and 
orientation. 
The transverse breadth of the proximal caudal neural spines is not a uniform 
character within Macronaria, owing the fact that either within basal representatives or 
more derived ones, the transverse and craniocaudal length relation of the proximal neural 
spines vary within the group. In this regard, basal macronarians (i.e., camarasaurids), 
some Titanosauriformes such as Paluxysaurus, some somphospondylan titanosauriforms 
(e.g., Tastavinsaurus), and lithostrotian sauropods (e.g., saltasaurines), the transverse 
length is greater than the craniocaudal length. On the other hand, in brachiosaurids 
(Brachiosaurus), some representatives of Somphospondyli such as Malarguesaurus and 
some lithostrotian taxa (e.g., Malawisaurus), the craniocaudal length is greater than the 
transverse length. The relationship between the transverse and the craniocaudal lengths is 
a result of the general shape of the neural spines. Several macronarian taxa such as 
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Camarasaurus, Paluxysaurus, Tastavinsaurus, and the putative titanosauriform 
Aragosaurus display an expanded apex (=spinous process) which confers a ―T-shape‖ in 
lateral aspect of the proximal end of the cranial neural spines. This caudal feature was 
historically interpreted as a character which distinguished Camarasaurus. However, the 
recent discoveries of Paluxysaurus, Tastavinsaurus, and Venenosaurus show that this 
feature may appear independently in several groups within Macronaria (see discussion). 
In saltasaurines, the transverse breadth is greater than the craniocaudal length as a result 
of the strong craniocaudal compression of the proximal neural spines. Conversely, in 
several macronarian taxa (e.g., Brachiosaurus, Cedarosaurus, Malarguesaurus, 
Epachthosaurus and Malawisaurus) the proximal neural spines are longer craniocadally 
than transversally, as a result of the laminar shape of their neural spines. However, in 
several titanosaurian sauropods (e.g., Baurutitan, Muyelensaurus, Rapetosaurus, among 
others) the proximal neural spines are robust as well as in dorsal view they are 
rectangular to subrectangular in outline (see below), but the transverse breadth occupies 
almost 50% of the lateral aspect of the neural spines. 
The proximal neural spines orientation varies within Macronaria. The North 
American taxon Camarasaurus exhibited proximal neural spines vertically oriented as in 
basal diplodocoids (e.g., Limaysaurus), Venenosaurus (titanosauriform), 
Malarguesaurus, Tastavinsaurus (somphospondylan titanosauriformes), and 
Malawisaurus (basal lithostrotian). Conversely, diplodocids (e.g., Barosaurus, 
Diplodocus), basal titanosauriforms (e.g., Brachiosaurus, Paluxysaurus), and the 
representatives of titanosaurian subgroups, including Epachthosaurinae, Saltasaurinae, 
Rinconsauria, Opisthocoelicaudiinae, and Nemegtosauridae (Rapetosaurus and probably 
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Bonitasaura;  pestegu a, 2004), display caudally inclined proximal neural spines. 
Nevertheless, within Titanosauria, the subclade Aeolosaurini (including Aeolosaurus and 
Gondwanatitan) shows proximal neural spines which are cranially inclined. However, 
this feature is not exclusive of aeolosaurines titanosaurians, owing to the fact that 
Trigonosaurus or Cedarosaurus display cranially inclined proximal neural spines 
although only slightly so.  
(35-39) Neural spines in proximal caudal vertebrae, shape section in dorsal view; 
Cranial face orientation. 
In dorsal view, craniocaudally elongated proximal neural spines are a feature 
shared for several macronarian taxa such as Brachiosaurus, Cedarosaurus, Paluxysaurus, 
Malawisaurus, and Mendozasaurus. Nevertheless, in similar view, other macronarian 
taxa display a dorsal shape of the proximal neural spines that is transversally elongated, 
such as in the basal macronarian Camarasaurus, the basal titanosauriform Paluxysaurus, 
the somphospondylan sauropod Tastavinsaurus, and the andesauroid Andesaurus. The 
transversally spanning neural spine is a feature displayed in some titanosaurians (e.g., 
Aeolosaurus, Baurutitan, Epachthosaurus, Rinconsaurus), although the dorsal transverse 
breadth is less pronounced than in the above-mentioned macronarians. Nevertheless, the 
transverse breadth of the proximalmost caudal in the titanosaurus Futalongkosaurus 
resembles those seen in diplodocids, in that they have a strong, dorsally expanded neural 
spine which gives them a ―T-shape.‖ This character could be related to the body size of 
these sauropod dinosaurus.   In contrast, some of the representatives of the most inclusive 
clades within Titanosauria (e.g., Saltasaurinae, including Opisthocoelicaudiinae) exhibit a 
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rectangular to subrectangular shape in the dorsal aspect of the proximal neural spines. 
However, this feature is not exclusive to the saltasaurines and opisthocoelicaudiines, 
since the same dorsal spine shape is seen in Muyelensaurus and Trigonosaurus. 
 In the proximal-most caudal vertebrae of Camarasaurus, the cranial faces of the 
neural spines are arched or curved, a feature shared with other sauropod dinosaurs such 
as Aragosaurus, the phylogenetically controversial Haplocanthosaurus (see below) and 
the Asian sauropod Phuwiangosaurus. Conversely, basal Titanosauriformes, 
somphospondylan titanosauriforms and titanosaurians show straight neural spine cranial 
faces  throughout the proximal-most caudal vertebrae. Although the proximally curved 
faces of the neural spines is a caudal feature which is also found in the putative 
somphospondylan or basal titanosaurian Phuwiangosaurus, the arched cranial faces in the 
proximal neural spines appear to represent a caudal character for basal forms within 
Macronaria. 
(13-40-44) Proximal caudal neural arches, postspinal fossa; Proximal caudal 
vertebrae, prezygapophyses, projection and proximal transverse processes, groove 
or canal, on dorsal aspect. 
The postspinal fossa is absent among basal macronarian, Titanosauriformes, and 
somphospondylan titanosauriforms as well as prosauropods, eusauropods, and 
diplodocoid sauropods. The absence of this fossa is observed in several titanosaurian 
clades and taxa, for example, the opisthocoelicaudines sauropods Alamosaurus and 
Opisthocoelicaudia as well as in Isisaurus (“Tit n s urus”) colberti (Jain and 
Bandyopadhyay, 1997; Wilson and Upchurch, 2003). Conversely, the postspinal fossa is 
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present in the basal lithostrotian Malawisaurus, the saltasaurine sauropod Saltasaurus 
and the Brazilian titanosaurians, Adamantisaurus and Baurutitan. Regarding the 
projection of the proximal prezygapophyses within Macronaria, Camarasaurus is the 
only representative in which the prezygapophyses are cranially oriented as those seen in 
basal sauropods such as Omeisaurus and Shunosaurus. Conversely, in the rest of the 
representatives of Macronaria, the proximal cranial zygapophyses are dorsocranially 
directed. The proximal transverse processes in macronarian sauropods are smooth in 
dorsal aspect. However, in Muyelensaurus, the proximal transverse process shows a 
slightly marked groove or canal on the dorsal aspect. Similarly, this feature is also found, 
although more pronounced, in an undescribed titanosaurus from Argentina (LMI, per. 
obs., in prep.).  
(17-18-37-42) Proximal and middle caudal centra: shape, ventral longitudinal 
hollow, proportions and ventral depression longitudinal septum. 
In lateral view, the proximal and middle caudal centra are cylindrical in 
macronarian sauropods, with the exception of Phuwiangosaurus. The latter share with 
diplodocids (e.g., Barosaurus, Diplodocus) the rectangular shape. The proximal and 
middle caudal centra in basal macronarians (i.e., Camarasaurus), basal titanosauriforms 
(e.g., Brachiosaurus, Paluxysaurus and Pleurocoelous), and more derived 
Titanosauriformes (e.g., Cedarosaurus and Venenosaurus), do not exhibit a longitudinal 
hollow ventrally. The absence of this caudal feature is also observed in the 
somphospondylan titanosauriforms Malarguesaurus and Tastavinsaurus. Titanosaurian 
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sauropods, on the other hand, show in the ventral aspect of the proximal and middle 
caudal vertebrae a longitudinal groove or canal.  
In lateral view, the proximal and middle caudal vertebrae  centra in all 
macronarian representatives here analyzed, are as high as they are wide. However, in 
saltasaurines such as Neuquensaurus and Saltasaurus (Powell, 1992) the centra are 
depressed, and are wider than high. Similarly, the latter macronarian sauropod group can 
be distinguished from the rest of macronarian sauropods in general and titanosaurian 
sauropods in particular in having the ventral hollow divided by a longitudinal septum in 
the proximal and middle caudal vertebrae, which specifically characterizes the most 
inclusive clade Saltasaurini (sensu Salgado and Bonaparte, 2007, including 
Neuquensaurus, Saltasaurus and Rocasaurus).  
(30) Articular face shape, on middle caudal centra. 
The middle caudal centra of Camarasaurus are slightly amphicoelous 
(platycoelous) to amphiplatyan, in which the cranial articular surfaces are more concave 
than the caudal articular surfaces. Similarly, brachiosaurids display amphicoelous middle 
caudal vertebral centra. Conversely, the titanosauriformes such as Paluxysaurus and 
Pleurocoelus(=?Astrodon) nanus are amphiplatyan with circular to subcircular articular 
surfaces. The middle caudal vertebrae of Cedarosaurus are amphicoelous, whereas in 
Tastavinsaurus they are weakly amphicoelous, and the cranial articular surfaces are 
gently concave to weakly concave or somewhat flat caudally (this articular condition 
interpreted as procoelous-distoplatyan, according to Gonzalez Riga et al. 2008; and 
interpreted here as amphicoely-distoplatyan). On the other hand, the preserved middle 
117 
 
 
 
caudal vertebra of Venenosaurus displays amphiplatyan caudal centra articulations as in 
Paluxysaurus.  In Malarguesaurus, a somphospondylan titanosauriform, three middle 
caudal vertebrae were recovered. The cranial surfaces are concave, whereas the caudal 
ones are flat (i.e., procoelous-opisthoplatyan = procoelous- distoplatyan = plani-concave, 
amphicoely-distoplatyan, according to Gonzalez-Riga, et al., 2008; Carpenter and 
Tidwell, 2005; Tidwell, et al., 2001; this current paper respectively). Andesauroids (i.e., 
Andesaurus) show amphiplatyan centra on the middle caudal centra. Within basal 
litostrothians (e.g., Malawisaurus and Mendozasaurus) the articulations of the middle 
caudal vertebrae are amphicoelous and slightly procoelous, respectively. In the 
Patagonian titanosaurus such as Mendozasaurus, the caudal condyle is more developed 
than those seen in somphospondylan titanosauriforms (e.g., Malarguesaurus). However, 
it is less pronounced than those in the rest of titanosaurian sauropods, excluding 
Andesaurus and Malawisaurus. The subsequent titanosaurian taxa, belonging to their 
respective groups, such as Epachthosaurine, Aeolosaurine, Opisthocoelicaudiinae, 
Nemegtosauridae (Rapetosaurus; Curry Rogers, 2009), and Saltasaurinae display 
procoelous middle caudal vertebrae, in which the caudal condyles are strongly developed. 
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(31-38-43) Middle caudal centra cranial face inclination; Prezygapophyses in middle 
caudal vertebrae, length; Proximal and middle caudal prezygapophyses, ―rim‖, on 
lateral aspect. 
The cranial faces of the middle caudal vertebrae of macronarian sauropods are 
straight (i.e., they do not incline cranially). However, aeolosaurine representatives such as 
Aeolosaurus and Gondwanatitan show cranial surfaces articulations strongly inclined 
cranially. Nevertheless, these taxa are not the only titanosaurids which display this 
feature, owing to the fact that Pellegrinisaurus also exhibited cranial middle caudal faces 
cranially directed. Although, these three forms are not phylogenetically encompassed in 
the same group (i.e., Aeolosaurini), the cranially-inclined caudal face of the middle 
vertebrae feature could indicate a potential relationship among them in a node still 
unresolved.  
The zygapophyses in general and the prezygapophyses in particular are short in 
basal macronarians, titanosauriformes, and relatively short in somphospondylan 
titanosauriformes. This pattern is occurs in either the proximal or middle caudal vertebrae 
zygapophyses. Therefore, in the representatives of these macronarian groups (with the 
exception of Saltasaurus), the length of the prezygapophyses in the middle caudal 
vertebrae is shorter than 50% of the centrum length. Conversely, in titanosaurians, the 
prezygapophyses through the middle caudal section are longer than those seen in the 
above mentioned macronarian groups. However, within Titanosauria the length of the 
prezygapophyses displays some degree of variation. In this regard, in basal lithostrotians 
such as Malawisaurus and Mendozasaurus, the putative rinconsaurian Muyelensaurus, 
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and the derived titanosaurids Alamosaurus, Neuquensaurus, and Opisthocoelicaudia the 
length of the prezygapophyses in the middle caudals occupies somewhere between the 
40% and 50% of the total length of the centrum. Conversely, in several other 
titanosaurians (e.g., Aeolosaurus, Baurutitan, Pellegrinisaurus, and Trigonosaurus, 
among others) the cranial zygapophyses are longer than 50% of the total length of the 
caudal centrum. Likewise, titanosaurian dinosaurs such as the Brazilian forms Baurutitan 
and Trigonosaurus as well as an undescribed titanosaurian from Argentina (LMI, pers. 
obs.) show, in the lateral aspect of the proximal and middle prezygapophyses, marked 
rims. This last caudal feature is not present in other macronarian sauropods analyzed 
here. 
(19-34-36) Middle caudal neural spines, shape, orientation and craniodorsal border 
location. 
The middle neural spines are short craniocaudally in basal macronarians (e.g., 
Camarasaurus), basal Titanosauriformes such as Brachiosaurus and Paluxysaurus, 
derived Titanosauriformes (e.g., Cedarosaurus and Venenosaurus) and several 
titanosaurian sauropods (e.g Alamosaurus, Baurutitan, Neuquensaurus, Trigonosaurus, 
among others). On the other hand, somphospondylan titanosauriforms such as 
Malarguesaurus and Tastavinsaurus, in tandem with Andesaurus, basal lithostrotians 
such as Malawisaurus and Mendozasaurus, and the epachthosaurine titanosaur 
Epachthosaurus display craniocaudally elongated middle neural spines as a result of their 
laminated shape.   
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The middle caudal neural spine orientation shows variation among the 
representatives of Macronaria. For example, Camarasaurus, Brachiosaurus, 
Paluxysaurus, basal lithostrotians (e.g., Malawisaurus, Mendozasaurus), 
opisthocoelicaudines (e.g., Alamosaurus and Opisthocoelicaudia), and saltasaurines (e.g., 
Neuquensaurus and Saltasaurus) as well as Muyelensaurus, exhibit caudodorsally angled 
middle caudal neural spines. Conversely, andesauroideans as Andesaurus and more 
derived titanosaurus such as Rinconsaurus and Trigonosaurus display vertical middle 
neural spines, whereas those seen in the North American macronarian Cedarosaurus and 
Venenosaurus are craniodorsally angled. 
The craniodorsal border of the neural spines in middle caudal vertebrae is located 
cranially in the majority of macronarian sauropods with respect to the cranial root of the 
postzygapophyses. However, this caudal feature is exhibited in different position with 
respect to the caudal zygapophyses in saltasaurines such as Neuquensaurus and 
Saltasaurus. In these two taxa the craniodorsal border of the middle neural spines is 
placed caudally. The position of the craniodorsal border of the middle neural spines is 
caudally positioned with respect to the postzygapophyses resembles which is observed in 
the phylogenetically unresolved and controversial sauropod Haplocanthosaurus. 
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(45-20) Articular face shape on distal caudal centra; Distal caudal centra, shape, 
excluding the distalmost. 
The distal caudal vertebrae of Camarasaurus are amphicoelous, as those seen in 
brachiosaurids (e.g., Brachiosaurus), whereas in basal titanosauriformes such as 
Paluxysaurus the distal caudal vertebrae are amphiplatyan. Within somphospondylan 
titanosauriformes, the European taxon Tastavinsaurus resembles Brachiosaurus in 
having amphicoelous proximalmost distal caudal vertebrae; however, the distalmost 
caudal elements are procoelous (Canudo et al. 2008). On the other hand, in the distal 
caudal vertebrae recovered from Malarguesaurus, the caudal centra are amphicoely-
distoprocoelous (slightly procoelous) and the development of the caudal cotyle 
progressively increases (i.e., the procoelous condition increases distally in the caudal 
elements preserved). Similarly, the basal lithostrotian Mendozasaurus displays 
amphicoely-distoprocoelous distal caudal centra, whereas the distal caudal vertebrae of 
Malawisaurus are slightly amphicoelous (=platycoelous). Conversely, the distal caudal 
vertebrae preserved in Andesaurus, which correspond to the proximalmost portion of the 
distal sequence, are amphiplatyan. In the rest of the titanosaurian groups, the distal caudal 
vertebrae (excluding the distalmost) show procoelous centra, where the distal condyles 
are strongly developed (i.e., ―ball‖). 
With the regard to the distal caudal shape, basal macronarian , Titanosauriformes 
and somphospondylan titanosauriforms are cylindrical in shape. Similarly, several 
titanosaurians (Alamosaurus, Malawisaurus, Opisthocoelicaudia) in which this portion of 
the tail was recovered display cylindrical distal caudal centra. Nevertheless, these caudal 
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characters show variation within derived macronarians (i.e., titanosaurids) owing to the 
fact that saltasaurines such as Neuquensaurus and Saltasaurus exhibit distal caudal centra 
which are dorsoventrally flattened and are markedly longer than wide. However, distal 
caudal centra that are compressed dorsoventrally and long are not features seen only in 
saltasaurines among titanosaurians. The recently described Brazilian taxon Uberabatitan 
ribeiroi (Salgado and Carvalho, 2008) display the same morphological shape through the 
distal caudal centra.   
(21-22-23) Distalmost caudal centra, articular face shape; Biconvex caudal centra, 
length – to height ratio; Distalmost biconvex caudal centra, number. 
The distal-most caudal vertebrae are unknown in several macronarian taxa. 
However, in the representatives in which this caudal section was recovered, the shape of 
the caudal articular surfaces can be determinate. In the complete caudal tail of 
Camarasaurus, the distal-most caudal vertebrae are slightly amphicoelous 
(=platycoelous), a feature shared with the basal titanosauriform Paluxysaurus. Biconvex 
distal-most caudal vertebrae are present in the representatives of the sister linage of 
Macronaria, such as Barosaurus and Diplodocus. Within macronarian sauropods, 
biconvex distal-most caudals are observed in Saltasauridae (including 
opisthocoelicaudines). Neuquensaurus, Opisthocoelicaudia, and Saltasaurus display 
biconvex distal-most caudal centra. Recently, Suteethorn, et al. (2009) described a new 
skeleton of Phuwiangosaurus, a putative somphospondylan or basal titanosaurian, which 
shows distal-most caudal vertebrae with a cranial and caudal ―ball‖ well developed (i.e., 
biconvex). Nevertheless, the presence of biconvex centra within Titanosauria is not 
123 
 
 
 
exclusive of the abovementioned taxa, because the rinconsaurian titanosaurid 
Rinconsaurus, the Brazilian titanosaur Maxakalisaurus topai (Kellner et al. 2006), and 
the recently described new titanosaur Pitekunsaurus macayi (Filippi and Garrido, 2008) 
exhibit biconvex distal-most caudal vertebrae. However, the latter taxon, in tandem with 
Rinconsaurus, displays a combination of articular surfaces through the distal-most 
section of the tail which, at the moment, appear to be unique within macronarians. Thus 
across taxa the distal-most caudal centra are procoelous, amphicoelous, opisthocoelous, 
or biconvex. 
The relationships ratio between the length and height, as well as the number of 
distal-most biconvex caudal centra shows variation. For example, in the diplodocid 
Diplodocus, the ratio is greater than 5, whereas the number of biconvex caudals is more 
than 30. In contrast Opisthocoelicaudia displays a length to height ratio that is less than 4 
and a distal biconvex number of fewer than 10 distal-most caudal vertebrae. Similar 
caudal features numbers are shared with the Asian macronarian Phuwiangosaurus. 
(24-25-26-27-28-29) Chevrons (Haemal arches), projections, distribution, dorsal 
bridging, and distal contact.  
One of the synapomorphies which supported the inclusion of the clade 
Macronaria is the dorsally open haemal arches (Wilson and Sereno, 1998). Therefore, all 
macronarian taxa display this caudal character. The presence of cranial and caudal 
projections in the chevrons is a feature shared for diplodocids and eusauropod dinosaurs 
such as Omeisaurus and Shunosaurus. On the other hand, the macronarians analyzed 
herein are characterized by the absence of these cranial and caudal projections. Likewise, 
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the distribution of haemal arches in macronarian sauropods is restricted to the first 30 
caudal vertebrae, though their persistence varies among the subgroups. Conversely, in 
prosauropods and basal eusauropods (e.g., Omeisaurus), the chevrons are present through 
at least the 80% of the tail (i.e., almost their entire length). The haemal canals of the 
chevrons are short, and occupy approximately 25% of the total length in basal 
macronarians (e.g., Camarasaurus), brachiosaurids (e.g., Brachiosaurus), and basal 
Titanosauriformes (e.g., Paluxysaurus), whereas in somphospondylan titanosauriforms 
such as Tastavinsaurus they are long, near 50%. The long haemal canals seen in 
Tastavinsaurus is also shared among titanosaurian representatives, in which the haemal 
canals depth occupy at least the 50% or more of the total chevron length in those derived 
macronarians. However, the Brazilian titanosaur Uberabatitan, for example, shows 
proximal haemal canals openings that occupy about 25% of the total length (Salgado and 
Carvalho, 2008; Fig. 16, pag. 896) as those seen in basal macronarians.  In the taxa in 
which the distal chevrons were recovered, the distal contact end is fused (closed), as in 
Camarasaurus, and unfused (open) as those seen in some titanosaurians such as 
Alamosaurus and Opisthocoelicaudia (opisthocoelicaudines). However, in other 
titanosaurian taxa (e.g., Isisaurus, Saltasaurus, and Uberabatitan) the distal contact is 
fused or closed. 
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DISCUSSION 
 
Evolutionary morphological caudal trends 
Caudal centra 
 Internal structure - One of the features that characterize somphospondylan 
sauropods is that the presacral vertebrae are composed of spongy bone (Wilson and 
Sereno, 1998). In contrast, the rest of macronarians display solid internal bone tissue. 
However, in some of the somphospondylan subgroups such as Saltasaurinae (e.g., 
Saltasaurus) the internal spongy composition also reaches the proximal caudal vertebrae 
(Powell, 2003). Likewise, in Rocasaurus, a representative of the most inclusive clade 
Saltasaurini, the internal caudal cavities are more developed than in their sister taxa (i.e., 
Neuquensaurus and Saltasaurus) in particular and titanosaurians in general (Novas, 
2009).  The development of this internal vertebra structure is associated with the 
lightening of the axial skeleton. Nevertheless, the degree of variation in the development 
of cancelous bone appears to be different between saltasaurines and perhaps among more 
basal titanosaurids (Titanosaurid indet. from Argentina, pers. obs.), which could 
represent evidence for distinction of sex within titanosaurian sauropods, relating to the 
deposition and loss of calcium associated with the development of the eggshells (Novas, 
2009).  
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 First caudal vertebrae - The first caudal vertebra is unknown in several 
macronarian taxa. However, the basal macronarian Camarasaurus and the brachiosaurid 
sauropod Brachiosaurus display an amphicoelous proximal-most caudal centrum. 
Therefore, this condition appears to represent the basal state within Macronaria. The 
biconvex condition in the first caudal of several titanosaurs such as Alamosaurus, 
Neuquensaurus, Pellegrinisaurus, and apparently in Aeolosaurus, was deemed an 
apomorphic condition. Nevertheless, biconvexity in the first caudal vertebrae is not 
unique to this group of derived sauropod dinosaurs, given that a similar condition occurs 
in other titanosaurians such as Baurutitan britoi (―Serie  ‖ Brasil, Powell,2003; Kellner 
et al. 2005), probably ― nt r t s urus” wi h  nni nus (see Novas, 2009), and 
Epachthosaurus sp. (Salgado et al. 1997a). Therefore, the biconvexity in the first caudal 
vertebra, in which the caudal cotyle is more developed than the cranial cotyle, supporting 
the consequent procoely, may indicate that this condition is independently acquired 
within derived titanosaurian sauropods (i.e., Aeolosaurus + Alamosaurus + Saltasaurinae, 
Salgado and Bonaparte, 2007). However, owing to the fact that biconvex first caudal 
centra are also founded in early archosaurians (e.g Thoracosaurus neocesariensis, per. 
obs.), the biconvexity in the first caudal vertebra may be considered as a whole as a 
reversal homoplastic caudal feature. The loss of hyposphene-hypantrum articulations in 
the distal dorsal vertebrae of derived titanosaurians was generally accompanied by the 
evolution of strongly opisthocoelous distal dorsal vertebrae. Wilson and Carrano (1999) 
suggest that this adjustment increased the range of dorsal motion in this group of 
Cretaceous sauropods. Because a similar ball-and-socket morphology is present in the 
caudal vertebrae of many titanosaurids, comparable flexibility probably extended 
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throughout the tail as well. Thus, dorsal tail motion was also enhanced by the biconvexity 
of the first caudal vertebra in the above mentioned titanosaurians. Likewise, this, 
combined with the procoelous centra of the successive vertebrae, conferred far more 
flexibility to the tails of derived titanosaurians than in other sauropods (Wilson and 
Carrano, 1999) in general and other macronarians in particular. Conversely, the Asian 
titanosaurians Opisthocoelicaudia and Borealosaurus wimani (You et al., 2004) display 
an opisthocoelous first caudal centrum. Owing to the fact that this articulation is absent in 
the proximal-most caudal vertebra of other Laurasian and Gondwanan titanosaurians, 
these two taxa could represent an endemic titanosaurian group from Asia (Lamanna, pers. 
comm.) which, based on the caudal vertebrae morphology, may evidence a specific 
caudal evolutionary line. 
 Proximal, middle and distal caudal vertebrae – Basal macronarian sauropods, 
including Camarasaurus and (at least based on the caudal morphology) 
Haplocanthosaurus, show caudal vertebrae characters that differentiate them from the 
rest of macronarian dinosaurs. The strongly compressed cranial-most caudal centra, the 
shape of the proximal-most transverse processes, and the arched or curved cranial face of 
the proximal neural spines encompass a set of caudal features which describe these basal 
macronarian sauropods. The amphicoelous (platycoelous according to Tidwell, et al., 
2001) caudal centra of Brachiosaurus are shared with Camarasaurus; therefore, this 
condition may represent a plesiomorphy for the caudal vertebrae within Macronaria. 
Historically, Camarasauurs has been characterized by the presence of lateral expanded 
apex through the proximal-most neural spines (i.e., ―spinous process‖, sensu Canudo et 
al. 2008). Recent discoveries such as Paluxysaurus and Tastavinsaurus show that this 
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character may appear independently several times within Macronaria, owing to the fact 
that Paluxysaurus and Tastavinsaurus are cladistically recovered as a basal 
titanosauriform and as a somphospondylan titanosauriform, respectively.  Camarasaurus 
is one of the most complete and best studied of all sauropods, hence early sauropods taxa 
have historically been included or related to Camarasauridae. One example of that is the 
European taxon Aragosaurus. However, the presence of the lateral bulge in the femur 
suggests a systematic position more closely related to brachiosaurids or basal 
titanosauriformes. Thus, this basal position within Macronaria is supported for a set of 
caudal characters described above. 
 Basal titanosauriformes (e.g., Paluxysaurus) have amphiplatyan caudal vertebrae, 
whereas in derived titanosauriformes and somphospondylan sauropods the caudal 
vertebrae exhibit change through their caudal articulation morphology. The differences 
seen in Cedarosaurus, Chubutisaurus, Malarguesaurus, Tastavinsaurus, and 
Venenosaurus in the caudal vertebrae allow the distinction between basal 
titanosauriformes and derived titanosauriformes as well as distinguishing them from 
somphospondylan titanosauriforms. For example, Paluxysaurus, a basal titanosauriform, 
has amphiplatyan caudal centra, whereas those seen in Cedarosaurus and Venenosaurus 
(derived titanosauriformes), Chubutisaurus, Malarguesaurs, and Tastavinsaurus 
(somphospondylan),  display morphological variation through the proximal, middle, and 
distal caudal vertebral articulations. Likewise, the caudal vertebrae of somphospondylan 
titanosauriforms share other features, such as tall neural arches in the distalmost middle 
caudal vertebrae, prezygapophyses well beyond the cranial articular surfaces, and 
postzygapophyses well behind the cranial articular surfaces in the middle and distal 
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caudal vertebrae. The presence of tall neural arches is a character neither observed in 
basal macronarian nor derived macronarians (i.e., titanosaurian sauropods, with the 
exception of Andesaurus). This feature may be correlated with the strong neural canals 
and the increase of the length of the prezygapophyses observed in that group. Moreover, 
somphospondylan titanosauriforms such as Malarguesaurus, Tastavinsaurus, and a 
titanosauriform middle to distal caudal vertebra from Egypt (Lacovara, et al., in prep.) as 
well as the putative titanosauriform or basal titanosaurian Phuwiangosaurus, share 
eminences or ―bumps‖ on their articular surfaces of the middle and the proximalmost 
distal caudal vertebrae (Martin et al., 1994;  anudo et al., 2008 and Gonz lez Riga et al., 
2008). The anatomical function of these eminences is unknown, however, because this 
caudal feature appears to be limited to the somphospondylan titanosauriform sauropods. 
This caudal character may indicate a potential synapomorphy for that group of dinosaurs.  
 Although a set of morphological characters for the tail are suggested (Table 2.5), a 
more detailed and taxonomically inclusive cladistic analysis is necessary in order to test 
the morphological and cladistic significance of this set of caudal features in macronarian 
sauropods (excluding titanosaurian sauropods).  
 The procoelous condition in the caudal series throughout the tail in many 
titanosaurids (e.g., Aeolosaurus, Alamosaurus, Epachthosaurus, Neuquensaurus, 
Saltasaurus, among others)  is interpreted as a distinctive feature of this group of 
dinosaurs. On the other hand, the Patagonian titanosaurians Rincosaurus and 
Pitekunsaurus, basal members of Titanosauria such as Andesaurus (Calvo and Bonaparte, 
1991), Mendozasaurus (Gonzalez Riga, 2003, 2005), and Malawisaurus (Gomani, 1999a, 
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Gomani, et al., 1999b), and the exceptional case of Opisthocoelicaudia (Borsuk-
Bialynicka, 1977), show that this condition was not a uniform character in the tail of this 
group of dinosaurs (see, Salgado and Calvo, 1993). 
 The absence of caudal hyposphene-hypantrum articulations is a diagnostic feature of 
Titanosauridae = Lithostrotia (Novas et al, 2005). This articulation, however, is present in 
the basal form Epachthosaurus sciuttoi (Martinez et al, 2004), although it was considered 
an autapomorphy in this taxon. 
 The presence or absence of pleurocoels or fossae in the caudal centra, either on the 
lateral or ventral faces, is a feature which appears to be restricted to more derived 
titanosauurids (i.e., the more inclusive clade Saltasaurini, sensu Salgado and Bonaparte, 
2007). Thus, the presence of cavities or fossae in some titanosaurian taxa (e.g., 
Futalognkosaurus, Mendozasaurus, Neuquensaurus, Rocasaurus, and Saltasaurus, 
among others) is a feature exhibited in the caudal neural spines of several titanosaurian 
sauropods. However, the degree of development and the positions of these cavities are 
not uniform among these taxa. Although caudal neural arch laminations are present in the 
basal titanosaurian Malawisaurus, strong laminar development such as the prespinal and 
postspinal laminae, the spinozygapophyseal laminae, and in some cases accessory 
laminae, are observed in Epachthosaurus and the subsequent titanosaurian taxa—a 
condition which could indicate that the well developed laminae are represented from 
lithostrotian titanosaurians (including Epachthosaurinae plus Futalognkosaurus and 
Mendozasaurus, Saltasaurine, Aeolosaurini, and Opisthocoelicaudiinae).  
131 
 
 
 
 Several sets of cranial and postcranial synapomorphies have been proposed in order 
to differentiate the groups within Titanosauria. Thus, they are used in several 
phylogenetic analyses in order to interpret the relationships within Titanosauria and 
Sauropoda in general (e.g., Salgado et al. 1997a; Wilson and Sereno, 1998; Wilson, 2002; 
Wilson and Upchurch, 2003; Curry Roger, 2005). Nevertheless, some of the characters 
which are potentially descriptive for the caudal vertebrae of titanosaurian sauropods 
clades and subclades are excluded. Therefore, offered here is a summary of caudal 
characters (Table 2.6). Although their phylogenetic value must be tested, the 
morphological identification may potentially be useful for the differentiation of 
titanosaurian subgroups based on the caudal morphology. 
 On the nomenclature of caudal centra articulations (Table 2.7) - Tidwell et al. 
(2001) and, consequently, Gonzalez Riga et al. (2008) mentioned the problematic 
surrounding to the condition of the articular surfaces early proposed for Romer, 1956 
(i.e., platycoelous, amphicoelous, amphiplatyan, procoelous, and ophistocoelous articular 
surfaces). The discoveries of Cedarosaurus, Malarguesaurus, and Venenosaurus support 
the inclusion of a new nomenclature term (i.e., procoelous-distoplatyan = procoelous-
opisthoplatyan).  ccording to the ―Romerian‖ nomenclature through the centra of 
reptilian (Romer, 1956; pag. 224. Fig. 117), platycoelous centra are slightly concave in 
both articular surfaces whereas amphiplatyan centra display flat ends. Thus, if the centra 
have both articular surfaces concave, it is amphicoelous. When the centra show a marked 
cranial convexity (i.e., socket) and concave caudal articulation (i.e., ball), the caudal 
centrum is procoelous. In the reverse of this condition, the convexity is cranially placed, 
and the centra are opisthocoelous.  Several current cladistic analyses (e.g., Upchurch, 
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1998; Wilson and Sereno, 1998; Wilson, 2002; Curry-Rogers, 2005, among others) used 
amphiplatyan, platycoelous, procoelous and opisthocoelous for coding the condition of 
the proximal, middle, and distal caudal centra. For example, based on the characters 
proposed by Wilson (2002), Rose (2007) coded Cedarosaurus as having amphiplatyan or 
platycoelous proximal caudal centra. On the other hand, Gonzalez Riga et al. (2008) 
coded the proximal caudal vertebrae of Malarguesaurus as procoelous-opisthoplatyan. 
Cedarosaurus and Malarguesaurus both have cranial articular surfaces slightly concave 
and caudal articular surfaces flat in the proximal caudal vertebrae (Tidwell et al. 2001; 
Gonzalez Riga et al., 2008). Therefore, the use of characterizations such as procoelous – 
opisthoplatyan or procoelous- distoplatyan, for the caudal vertebrae, in which the cranial 
articular surfaces are concave and caudal articular surfaces are flat, is supported. 
Furthermore, these two new descriptive combinations clearly differentiate this condition 
from the ―Romerian‖ conditions for the vertebrae centra and that differentiation may be 
particularly useful for cladistic analysis; therefore, a comparison is needed. However, 
because neither the cranial concavity nor the caudal flat ends necessarily reflect an 
incipient procoely, a new combination is suggested, amphicoely-distoplatyan, based on 
each particular caudal surface articulation.  
 Likewise the adverbs slightly or strongly are using to characterize the caudal centra 
condition (Salgado et al. 1997a; Gonzalez Riga et al., 2008). Therefore, the distal caudal 
vertebrae of taxon such as Malarguesaurus are coded as procoelous-distoplatyan. Thus, 
in Andesaurus, a basal titanosaurid, the cranial-most caudal centra are coded as slightly 
procoelous. As mentioned in the description and comparison, Malarguesaurus displays 
distal caudal centra, in which the caudal surfaces are gently convex, as well as those seen 
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in the proximal-most caudal centra of Andesaurus. Nevertheless, neither taxon shows the 
procoely of derived macronarian sauropods (i.e., representatives of Lithostrotia). 
Therefore, using words such as slightly or strongly may be confusing, because it depends 
of the point of view of the cladistic coders. Because of this, it may be relevant to add a 
new combination when the centra display a cranial concavity less pronounced that those 
seen in Titanosauridae (=Lithostrotia) and a caudal incipient procoely. Therefore, a new 
nomenclature combination is suggested: amphicoely-distoprocoelous. In summary, when 
the centra articulations cannot be interpreted following the traditional ―Romerian‖ 
nomenclature, the description could be determinate based on the morphological aspect of 
each articular surface. Furthermore, Tidwell et al. (2001) considered that Brachiosaurus 
has platycoelous caudal centra, whereas Taylor (2009) described the same caudal 
elements as gently amphicoelous. Nevertheless, both are referred to the same condition 
based on the slight concavity in both articular ends, and this could result in confusion 
particularly when these caudal elements are coded or compared. Hence, in order to avoid 
this putative confusion, when the cranial and caudal articular surfaces display some 
degree of concavity it may be considered as amphicoelous caudal vertebrae, especially 
when the objective is to introduce this feature in a cladistic matrix. 
Brief comments about caudal vertebrae homoplasies within Titanosauria- The 
transverse and the craniocaudal expansion of the neural spines differ among titanosaurian 
sauropods. However, the morphology seen in the Patagonian taxon Futalognkosaurus dukei 
(Calvo et al. 2007b) is not observed in any other titanosaurs, derived or basal. This strongly 
marked transverse neural spine expansion of the putative first caudal vertebra of F. dukei, 
in cranial view of which both lateral ends are somewhat rounded and the top of the neural 
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spines bears a supraspinal lamina, resembles those in diplodocid sauropods (e.g., 
Apatosaurus and Diplodocus). Therefore, this character could be another homoplastic 
feature of the caudal sequence of titanosaurids which appear independently within 
Neosauropoda. However, it is important to stress that derived diplodocids and 
Futalognkosaurus are among the biggest sauropods in the fossil record (Carpenter, 2006), 
and hence the strongly transverse expansion of the neural spines, and the marked rugosities 
and several cavities (particularly observed in the Patagonian taxon), could indicate features 
related to the insertion of soft tissues due to the size of these dinosaurus.  
Finally, the intraprezygapophyseal lamina is described from the basal 
titanosauriform Paluxysaurus (Rose, 2007). This lamina, found in the middle caudals, is 
also present in the same section of the tail in other sauropods such as the titanosaurs 
Rinconsaurus and Uberabatitan (Salgado and Carvalho, 2008). Likewise, in diplodocoid 
sauropods (e.g., rebbachisaurids) an intraprezygapophyseal ridge is present (Ibiricu et al., in 
revision). Therefore, the intraprezygapophyseal lamina (probably the same structure as the 
interprezygapophyseal ridge) may represent a feature which appears independently within 
Neosauropoda or at least within Macronaria, owing to the fact that either Paluxysaurus, or 
Rinconsaurus and Uberabatitan, are nested in different macronarian subgroups (as a basal 
titanosauriform and within Titanosauria, respectively). 
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Phylogenetic implications 
The heuristic search produced one parsimonious tree (Figure 2.1-2.2) with a tree 
length of 465. The consistency index (CI) was 0.5892, the retention index (RI) was 0.6718, 
and the rescaled consistency index (RC) was 0.3959.  
The results of the phylogenetic analysis are fairly similar to those obtained by Rose 
(2007) for the relationship of macronarian taxa, particularly for that observed in 
titanosauriform sauropods. In this regard, Camarasaurus is positioned as the basalmost 
macronarian, and the four North American Cretaceous taxa (Cedarosaurus, Paluxysaurus, 
Pleurocoelous=Astrodon and Venenosaurus) plus Brachiosaurus are closely related. The 
hypothesized sister relationship between the latter and Paluxysaurus is not supported, 
although all of these taxa are nested within Titanosauriformes and these two last taxa are 
recovered as basal titanosauriforms. On the other hand, this current analysis differs from 
that of Canudo et al. (2008) regarding the position of some of the sauropod taxa such as 
Cedarosaurus, Phuwiangosaurus, and Venenosaurus. The differences in these two 
phylogenetic analyses could be related to inclusion and exclusion within the sauropod taxa 
ingroup, as well as the addition and modification of some of the caudal characters.    
In this current phylogenetic analysis, the Asian sauropods, Euhelopus and 
Phuwiangosaurus, form a dichotomy placed as basal somphospondylans, a clade that also 
encompasses the node formed by Malarguesaurus and Tastavinsaurus. Thus, Andesaurus 
is positioned as the basal-most representative of Titanosauria, and the andesauroid taxon is 
closely related to the basal lithostrotians Malawisaurus and Mendozasaurus. Several 
titanosaurian nodes were recovered as in previous phylogenetic analysis (e.g., Salgado et 
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al., 1997a; Curry Rogers, 2005, Gonzalez Riga et al., 2008, among others) including 
Nemegtosauridae (Nemegtosaurus + Rapetosaurus), Opisthocoelicaudiinae (Alamosaurus 
+ Opisthocoelicaudia) and Saltasaurinae (Neuquensaurus + Saltasaurus). However, 
strikingly, the relationship of the titanosaurian Muyelensaurus with Saltasaurinae does not 
agree with previous phylogenetic analysis. This may be related to the coding in 
Muyelensaurus of the caudal characters only. Nevertheless, the same portion of the 
skeleton was coded for both Mendozasaurus and Rinconsaurus, and their position in the 
tree is more parsimonious than that of Muyelensaurus, according to other phylogenetic 
analyses. Thus, as in Titanosauriformes, the phylogenetic relationships of several 
titanosaurian taxa such as the nodes formed for Adamantisaurus and Baurutitan, 
Aeolosaurus and Pellegrinisaurus, Rinconsaurus and Trigonosaurus are not robustly 
supported. It may be related to the large amount of missing data and the amount of 
homoplasy (i.e., independent losses and acquisitions) which affect the terminal taxa (Rose, 
2007). Finally, the controversial taxon, Haplocanthosaurus, was recovered in this analysis 
outside of Macronaria, a position which resembles that proposed by Upchurch (1998).  
As mentioned above, because the objective of this paper is centered on the 
evolution of macronarian vertebrae, only the caudal characters (1-45, see appendix 2.1) 
were included in order to perform both optimization criteria ACCTRAN and DELTRAN. 
As result, the following caudal vertebral characters are apomorphically displayed in the 
respective macronarian terminal nodes (Tables 2.8-2.9). 
The node formed for Cedarosaurus + Venenosaurus shows the presence of middle 
caudal neural spines which are craniodorsally angled, a feature also shared with 
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Aeolosaurus ( Salgado and Coria, 1993; Salgado et al., 1997b; Casal et al., 2007) and 
Gondwanatitan (Kellner et al., 1999), a taxon not included in the current phylogenetic 
analysis . Therefore, this caudal character appears independently two times within 
Macronaria (i.e., in derived titanosauriformes and in Aeolosaurini sensu Costa Franco et 
al., 2004). The presence of pleurocoels on the lateral aspect of the proximal caudal centra 
was coded as absent, either in Rose (2007) or Canudo et al. (2008). However, this structure, 
probably related to the pneumaticity or soft tissue insertion, is also observed in the derived 
titanosauriforms Cedarosaurus and Venenosaurus (Tidwell et al., 2001; Fig. 11.11 and 
11.3, pages 145 and 158). If this interpretation is correct, the presence of pleurocoels or 
fossae on the lateral aspect of the proximal caudal centra could be another character 
independently acquired by the node formed by Cedarosaurus + Venenosaurus, because 
pleurocoels are present in diplodocid sauropods (e.g., Barosaurus and Diplodocus). 
Nevertheless, although asymmetrically displayed, lateral depressions are also observed in 
the Patagonian titanosaur Neuquensaurus (LMI, per. obs.). A slightly procoelous centrum 
with reduced condyles in the distal caudal vertebrae (excluding the distalmost) is a feature 
which apomorphically joined Malarguesaurus + Tastavinsaurus within Somphospondyli. 
However, reduced caudal condyles are also displayed for the basal lithostrotian 
Mendozasaurus, although the latter show more strongly developed condyles than the 
somphospondylan titanosauriformes. Thus, the presence of procoelous-distoplatyan 
(=amphicoelous-distoplatyan) proximal caudal centra, excluding the proximalmost, also 
united Malarguesaurus and Tastavinsaurus.  In the opisthocoelicaudines titanosaurs 
(Alamosaurus + Opisthocoelicaudia), both optimization criteria show that the node is 
supported for the number of caudal vertebrae (35 or fewer), and for the persistence of the 
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transverse processes through the caudal series (disappear by caudal 10). Nevertheless, the 
incomplete fossil record of fully represented caudal sequences in other titanosaurians may 
influence these two potential synapomorphic caudal characters, which show the highest 
consistency index (i.e., CI=1.00). Thus, although with a low consistency index, the 
presence in the first caudal neural spine of a coel or fossa on the lateral aspect is another 
derived caudal character which supports Opisthocoelicaudiinae. However, a similar fossa is 
also observed in the proximalmost caudal vertebra of Adamantisaurus, a taxon recovered in 
a different node. The node formed by Neuquensaurus + Saltasaurus (Saltasaurinae) is 
supported by several caudal synapomorphies, including the presence of ventral depression 
divided by a longitudinal septum in proximal and middle caudal vertebrae (CI=1.00; Tables 
2.8-2.9), proximal and middle caudal centra depressed wider than high (CI=1.00; Table 
2.8-2.9), and the craniodorsal border of the neural spine in middle caudal vertebrae 
caudally located with respect to the cranial root of the postzygapophyses (CI=050; Tables 
2.8-2.9 ). However, this last caudal feature is also shared with Haplocanthosaurus, a 
phylogenetically controversial taxon (Upchurch et al. 2004), which in this current analysis 
is placed as a basal neosauropod in concordance with Upchurch (1998). Finally, the node 
Aeolosaurus + Pellegrinisaurus is joined by the occurrence of middle caudal centra with 
cranial faces strongly inclined cranially. Although the Brazilian titanosaur Gondwanatitan 
displays this feature, supporting Aeolosaurini, this analysis suggests that the latter 
titanosaurian clade may be closely related with Pellegrinisaurus and perhaps other 
titanosaurs, particularly those of the Late Cretaceous of Brazil. This could support the 
inclusion of a new titanosaurian clade including all these forms. Future discoveries and 
analysis may support or refute this hypothesis. 
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A brief comment about Brazilian titanosaurian sauropods 
Several recent titanosaurs from the Late Cretaceous of Brazil have been described 
and re-named, such as Adamantisaurus, Baurutitan, Trigonosaurus, and Uberabatitan. In 
addition to these taxa, Maxakalisaurus topai (Kellner et al., 2006) is another of the new 
titanosaurian sauropods from Brazil. The taxonomic recognition and differentiation greatly 
increased the number of sauropod and particularly titanosaurid taxa from outcrops of the 
Upper Cretaceous of Brazil. Although Trigonosaurus (=―Serie B‖ Brazil) is the only taxon 
that has been considered in phylogenetic analyses, the morphological aspects displayed for 
the postcranial skeleton and the caudal vertebral sequence suggest that they are generically 
different. However, some of the taxa, based on the caudal comparisons, appear to be more 
closely related (e.g., Adamantisaurus, Baurutitan, and Trigonosaurus in one group, and 
Uberabatitan and probably Maxakalisaurus in another group). Nevertheless, all these Late 
Cretaceous Brazilian taxa as a whole are neither basal titanosaurian representatives (i.e., 
Basal lithostrotian or epachthosaurines) nor more derived titanosaurs (i.e., 
saltasaurines)(see Campos et al., 2005; Kellner et al., 2005, 2006; Salgado and Carvalho, 
2008), with the possible exception of Uberabatitan. Because of this, they should be 
included in a sister group of Saltasaurine. Several of the caudal features abovementioned 
suggest, based on the caudal morphology, that the Brazilian taxa, including 
Gondwanatitan, and the Argentian taxa such as Aeolosaurus, Muyelensaurus, probably 
Pitekunsaurus and Rinconsaurus are related. Therefore, either Aeolosaurini or 
Rinconsauria, if this clade is accepted, may have to be redefined (i.e., more 
phylogenetically inclusive). Likewise, considering the apparent relationships of the 
Brazilian and Patagonian titanosaurian taxa, including Pellegrinisaurus, a clade which 
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encompasses the abovementioned groups placed between Epachthosaurine and Saltasaurine 
may be needed. This suggestion must be supported or refuted with new discoveries, as well 
as a rigorous phylogenetic analysis including all these titanosaurian taxa. Finally, the 
titanosaurids from Brazil, especially those from the Bauru Group, may have been as rich 
and diverse as in other Gondwanan localities (Salgado and Carvahlo, 2008). 
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Table 2.1: Macronarian sauropods (excluding titanosaurids), caudal materials and 
reporting authors. (*) Asterisk, indicates the taxa included in this study.  Abbreviations: 
D, Distal caudals; M, Middle caudals; P, Proximal caudals; ND, not described. 
TAXON 
CAUDAL 
MATERIALS REFERENCE 
* Camarasaurus P-M-D Cope (1877); Marsh (1877) 
* Haplocanthosaurus P-M-D Hatcher (1903) 
  Lourinhasaurus  NONE Dantas, et al., (1998) 
  Tehuelchesaurus NONE Rich, et al., (1999) 
  Sauroposeidon NONE Wedel, et al., (2000) 
  Sonorasaurus M Ratkevich, (1998) 
  Abydosaurus ND Chure, et al., (2009) 
* Brachiosaurus branchai P Janensch (1914) 
* Brachisaurus altithorax P-M-D Riggs (1903) 
* Paluxysaurus P-M-D Rose, (2007) 
* Pleurocoelus nanus P-M-D Marsh (1888) 
* Aragosaurus P-M Sanz, et al., (1987) 
* Cedarosaurus P-M Tidwell, et al., (1999) 
* Tastavinsaurus P-M-D Canudo, et al., (2009) 
* Arkharavia P Alifanov and Bolotsky (2010) 
* Venenosaurus P-M-D Tidwell, et al., (2001) 
* Phuwiangosaurus P-M-D Martin, et al., (1994) 
* Chubutisaurus P Del Corro (1975) 
  Ligabuesaurus NONE Bonaparte, et al., (2006) 
* Malarguesaurus P-M-D Gonzalez Riga, et al., (2008) 
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Table 2.2: Titanosaurian taxa, caudal material preserved and reporting authors. 
Abbreviations, as table 1. 
TAXON 
CAUDAL 
MATERIALS REFERENCE 
Andesaurus delgadoi P-M-D Calvo and Bonaparte (1991) 
Malawisaurus dixeyi P-M-D Jacobs et al., (1993) 
Epachthosaurus sciuttoi P-M-D Martinez et al., (2004) 
Mendozasaurus neguyelap P-M-D Gonzalez Riga (2003) 
Futalognkosaurus dukei P Calvo et al., (2007a) 
Paralititan stromeri P Smith et al., (2001) 
"Antarctosaurus" 
wichmannianus P Huene (1929) 
Aeolosaurus rionegrinus P Powell (1991) 
Gondwanatitan faustoi P-M-D Kellner et al., (1999) 
Muyelensaurus pecheni P-M-D Calvo et al., (2007b) 
Rinconsaurus caudamirus P-M-D 
Calvo and Gonzalez Riga 
(2003) 
Adamantisaurus 
mezzalirai P Santucci and Bertini (2006) 
Baurutitan britoi P-M Kellner et al., (2005) 
Trigonosaurus pricei P-?M Campos et al., (2005) 
Bonitasaura salgadoi P-M-D Apesteguia (2004) 
Rapetosaurus krausei P-D Curry Rogers and Foster (2001) 
Opisthocoelicaudia 
skarzynskii P-M-D Borsuk Bialynicka (1977) 
Alamosaurus sanjuanensis P-M-D Gilmore (1922) 
Pellegrinisaurus powelli P-M-D Salgado (1996) 
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TAXON 
CAUDAL 
MATERIALS REFERENCE 
Maxakalisaurus topai M-D Kellner et al., (2006) 
Uberabatitan ribeiroi P-M-D Salgado and Carvalho (2008) 
Saltasaurus loricatus P-M-D Bonaparte and Powell (1980) 
Neuquensaurus australis P-M-?D Lydekker (1893) 
Rocasaurus muniozi P-M-D Salgado and Azpilicueta (2000) 
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 Table 2.3: Macronarian sauropods (excluding titanosaurids). Age, Formation and Country. (*)    
indicates the taxa included in this caudal analysis. 
TAXON AGE FORMATION COUNTRY 
* Camarasaurus 
Kimmeridgian - 
Tithonian Morrison United States 
* Haplocanthosaurus 
Kimmeridgian - 
Tithonian Morrison United States 
  Lourinhasaurus  
Kimmeridgian - 
Tithonian The Lourinha Portugal 
  Tehuelchesaurus 
Kimmeridgian - 
Tithonian  a adon  alc reo Argentina 
  Sauroposeidon Aptian - Albian Antlers United States 
  Sonorasaurus Albian Turney Ranch United States 
  Abydosaurus Cenomanian 
Dinosaur National 
Monument United States 
* Brachiosaurus 
brancai 
Kimmeridgian - 
Tithonian Tendaguru Africa 
* Brachisaurus 
altithorax 
Kimmeridgian - 
Tithonian Morrison United States 
* Paluxysaurus Aptian - Albian Twin Mountains United States 
* Pleurocoelus nanus Aptian - Albian Paluxy; Arundel Clay United States 
* Aragosaurus Hauterivian El Castellar Spain 
* Cedarosaurus Barremian  Cedar Mountain United States 
* Tastavinsaurus Aptian  Xert Spain 
* Arkharavia Maastrichtian Udurchukan Russia 
* Venenosaurus 
Barriasian - 
Hauterivian Cedar Mountain United States 
* Phuwiangosaurus 
Hauterivian - 
Valanginian Sao Khua Thailand 
* Chubutisaurus 
Albian - ? 
Cenomanian Cerro Barcino Argentina 
  Ligabuesaurus Aptian - Albian Lohan Cura Argentina 
* Malarguesaurus 
Turonian - 
Coniacian Portezuelo Argentina 
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Table 2.4: Titanosaurian taxa, age, Formation/Group and Country. 
 
Taxon Age Formation/Group Country 
Andesaurus delgadoi Cenomanian Candeleros Argentina 
Malawisaurus dixeyi Aptian Dinosaur Beds Malawi 
Epachthosaurus sciuttoi 
Cenomanian - 
Turonian Bajo Barreal Argentina 
Mendozasaurus neguyelap 
Turonian - 
Coniacian Rio Neuquen Argentina 
Futalognkosaurus dukei 
Turonian - 
Coniacian Portezuelo Argentina 
"Antarctosaurus" 
wichmannianus 
Campanian - 
Maastrichtian? Allen? - Anacleto? Argentina 
Aeolosaurus rionegrinus 
Campanian - 
Maastrichtian Allen - Los Alamitos Argentina 
Gondwanatitan faustoi 
Campanian - 
Maastrichtian? Adamantina Brazil 
Muyelensaurus pecheni 
Turonian - 
Coniacian Portezuelo Argentina 
Rinconsaurus caudamirus 
Turonian - 
Coniacian Rio Neuquen Argentina 
Adamantisaurus 
mezzalirai 
Campanian - 
Maastrichtian? Adamantina Brazil 
Baurutitan britoi Maastricthian Bauru Brazil 
Trigonosaurus pricei Maastricthian Bauru Brazil 
Bonitasaura salgadoi Santonian Bajo de la Carpa Argentina 
Rapetosaurus krausei Campanian Maevarano Madagascar 
Opisthocoelicaudia 
skarzynskii Maastricthian Nemegt Mongolia 
Alamosaurus sanjuanensis Maastricthian 
Kirtland - Javelina-
Black Peaks 
United 
States 
Pellegrinisaurus powelli Campanian Anacleto Argentina 
Bonatitan reigi 
Campanian - 
Maastrichtian Allen Argentina 
Maxakalisaurus topai 
Campanian - 
Maastrichtian? Adamantina Brazil 
Uberabatitan ribeiroi Maastricthian Marilia Brazil 
Saltasaurus loricatus 
Campanian?- 
Maastrichtian Lecho Argentina 
Neuquensaurus australis Campanian Anacleto Argentina 
Rocasaurus muniozi 
Campanian - 
Maastrichtian Allen Argentina 
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Table 2.5: Macronarian clades, example taxa and morphological caudal features. 
 
 Taxa Morphological caudal features 
   
  
 Amphicoelous caudal centra 
   Strongly compressed proximal 
caudal centra 
  
 Marked articular surface borders 
 Camarasaurus  Proximalmost transverse 
processes "aliform"- shaped 
Camarasauromorpa   
 Haplocanthosaurus  Proximalmost neural spines, 
cranial faces  curved 
   
  
 Zygapophyses short 
  
 Postzygapophyses in the middle 
and distal caudals surpassing the 
caudal articulations 
      
     
   
   Slightly amphicoelous (= 
platycoelous) caudal centra 
      
   Proximalmost neural spines, 
cranial faces rect 
 
Brachiosaurus 
branchai     
Brachiosauridae   Transverse processes 
dorsoventrally flat 
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Brachiosaurus 
altithorax 
 Prezygapophyses in middle and 
distal caudal vertebrae slightly 
surpass the cranial surfaces 
      
  
 Postzygapophyses either reach or 
gently surpass the caudal 
articulations 
   
   
      
   
  
 Amphiplatyan caudal centra 
 Paluxysaurus 
 Relatively low neural spines 
Basal 
titanosauriforms  
 Relatively long prezygapophyses 
 Pleurocoelus nanus  The cranialmost distal neural 
arches laterally tall 
      
      
   
  
 
 
 Morphological variation of the 
caudal centra articulations(e.g., 
procoelous- distoplatyan; 
amphicoelous amphiplatyan, 
procoelous) 
      
 Chubutisaurus     
Derived 
Titanosauriformes Cedarosaurus 
 Variation of the shape of the 
cranial and caudal articulations 
(e.g., subhexagonal, 
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+ 
subrectangular, and subcircular) 
Somphospondylan 
Malarguesaurus 
     
titanosauriforms Tastavinsaurus  
 Venenosaurus  Prezygapophyses well-beyond of 
the cranial articular surfaces 
      
   Postzygapophyses behind of the 
caudal articular surfaces 
      
      
 
 
 
 
 
 
 
 
 
 
  
 
 
1
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Table 2.6: Titanosauria subclades, example taxa and morphological caudal features. In bold are the characters cladistically 
supported in this analysis as well as in previus phylogenetic analyses. 
 
  Taxa Morphological caudal features 
   
   Amphicoely - distoprocoelous (slightly 
procoelous) proximalmost caudals 
   
   Amphiplatyan middle and distal caudal 
vertebrae 
   Middle and distal caudals with rectangular to 
subrectangular articular surfaces 
Andesauroidea Andesaurus  
   Middle and distal caudals, laterally high 
neural arches 
   Middle and distal caudal vertebrae with lateral 
ridge or rim 
                 
  
  Margin of the postzygapophyses reach or  
gently are behind of the caudal articular 
surfaces 
   
      
  
 
 
1
5
0
 
   
   Procoelous (although caudal cotyle less 
develop than more derive titanosaurus) 
 Malawisaurus  
  
 Well develop neural arches laminae 
"Basal lithostrotian"   Presence of cavities on the proximal neural 
arches 
 Mendozasaurus 
 Middle caudal vertebrae amphicoelous 
   Postzygapophyses behind caudal articular 
surfaces 
      
   
  
 Well marked procoely 
   First fourteen caudals with intervertebral 
articulations (hyposphene-hypantrum) 
   
Epachthosaurine Epachthosaurus 
 Well developed spinoprezygapophyseal 
laminae in proximal caudals on lateral aspect 
of neural spines 
   
  
 Well developed spinopostzygapophyseal 
laminae in proximal caudals on lateral aspect 
of neural spines 
   
  
 
 
1
5
1
 
  
 Robust caudal vertebrae centra 
      
   
  
 Proximal caudals with high lateral faces 
   Proximal caudal centra section ventrally 
narrow( "V-shaped") 
   
 Aeolosaurus 
 Haemapophyses in different planes 
   Proximal caudals with neural arches cranially 
inclined 
Aeolosaurini   Long prezygapophyses in middle caudals 
(more than other titanosaurus) 
   
 Gondwanatitan  Margin of the postzygapophyses at the level 
of the middle portion of the centrum 
   
   Presence of a rim on the lateral aspect of 
middle prezygapophyses 
    
      
   
 Rinconsaurus  Bony process supporting the 
postzygapophyseal facets in middle caudals 
  
 
 
1
5
2
 
Rinconsauria   
 Muyelensaurus 
 Distal caudal vertebrae caudally depressed  
      
 
Opisthocoelicaudiinae Opisthocoelicaudia  
  
 Opisthocoelous proximal and middle caudal 
vertebrae 
 Thirty five or fewer caudal vertebrae 
 Caudal transverse processes disappear by 
caudal 10 
 First caudal vertebra with coel on lateral 
aspect of neural spine 
 Distal caudal chevrons unfused distally 
 
 
 
 
     
   Proximal and middle caudal centra 
depressed as wide as high 
  
 Distal caudal centra compressed  
dorsoventrally 
  
 
 
1
5
3
 
 Neuquensaurus 
 Slightly convex lateral faces 
   Zygapophyses relatively short (in comparison 
with other titanosaurus) 
   
Saltasaurinae (including the 
more Saltasaurus  Presence of ventral depressions divided by 
a septum 
inclusive clade Saltasaurini)  
 Asymetric lateral pleurocoels or cavities 
  
 Craniodorsal corner of neural spines at the 
same level of the caudal edges of 
postzygapophyses in middle caudals  
 Rocasaurus  
   Cancellous (spongy) bone in caudal 
vertebrae 
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Table 2.7: Proximal, middle, distal caudal centra articulations of some macronarian                              
sauropods. Abbreviations: M; moderately developed, S; strongly developed; 0; flat, 1; 
concave, 2;  convex (modified from Tidwell et al. 2001 and Gonz lez Riga et al. 2008). 
 
Taxon Proximal caudals 
  
Cranial face 0-1-2   Caudal face 0-1-
2 
Camarasaurus      ─ M ─                   ─ M ─ 
Brachiosaurus      ─ M ─                   ─ M ─ 
Pleurocoelus      M ─ ─                   M ─ ─ 
Aragosaurus      ─ M ─                   ─ M ─ 
Paluxysaurus      M ─ ─                   M ─ ─ 
Cedarosaurus      ─ S ─                   M ─ ─ 
Venenosaurus      M ─ ─                   M ─ ─ 
Tastavinsaurus      ─ M ─                   ─ ─ M 
Phuwiangosaurus      ─ M ─                   ─ M ─ 
Chubutisaurus      M ─ ─                   M ─ ─ 
Malarguesaurus      ─ M ─                   M ─ ─ 
Andesaurus      ─ M ─                   ─ ─ M 
Malawisaurus      ─ S ─                    ─ ─ S 
Mendozasaurus      ─ S ─                    ─ ─ S 
Epachthosaurus      ─ S ─                   ─ ─ S 
Opisthocoelicaudia      ─ ─ S                   ─ S ─ 
Saltasaurus       ─ S ─                   ─ ─ S 
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Taxon Middle caudals 
  
Cranial face 0-1-2   Caudal face 0-1-
2  
Camarasaurus      ─ M ─                   ─ M ─ 
Brachiosaurus      ─ M ─                   ─ M ─ 
Pleurocoelus      M ─ ─                   M ─ ─ 
Aragosaurus      ─ M ─                   ─ M ─ 
Paluxysaurus      M ─ ─                   M ─ ─ 
Cedarosaurus      ─ S ─                   M ─ ─ 
Venenosaurus      M ─ ─                   M ─ ─ 
Tastavinsaurus      ─ M ─                   ─ M ─ 
Phuwiangosaurus      M ─ ─                   M ─ ─ 
Chubutisaurus      M ─ ─                   M ─ ─ 
Malarguesaurus      ─ M ─                   M ─ ─ 
Andesaurus      M ─ ─                   M ─ ─ 
Malawisaurus      ─ M ─                   ─ M ─ 
Mendozasaurus      ─ S ─                   ─ ─ M 
Epachthosaurus      ─ S ─                   ─ ─ S 
Opisthocoelicaudia      ─ ─ S                   ─ S ─ 
Saltasaurus       ─ S ─                   ─ ─ S 
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Taxon Distal caudals 
  
Cranial face 0-1-2   Caudal face 0-1-
2 
Camarasaurus      ─ M ─                   ─ M ─ 
Brachiosaurus      ─ M ─                   ─ M ─ 
Pleurocoelus      M ─ ─                   M ─ ─ 
Aragosaurus      ─ M ─                   ─ M ─ 
Paluxysaurus      M ─ ─                   M ─ ─ 
Cedarosaurus      M ─ ─                   M ─ ─ 
Venenosaurus      M ─ ─                   M ─ ─ 
Tastavinsaurus      ─ M ─                   ─ ─ M 
Phuwiangosaurus      M ─ ─                   M ─ ─ 
Chubutisaurus          ?                           ? 
Malarguesaurus      ─ M ─                   ─ ─ M 
Andesaurus      M ─ ─                   M ─ ─ 
Malawisaurus      ─ M ─                   ─ M ─ 
Mendozasaurus      ─ M ─                   ─ ─ M 
Epachthosaurus      ─ S ─                   ─ ─ S 
Opisthocoelicaudia      ─ ─ S                   ─ S ─ 
Saltasaurus       ─ S ─                   ─ ─ S 
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Table 2.8: Character Optimization criterion ACCTRAN (Accelerated transformation). 
Abbreviations: Nodes; B-Lith, basal lithostrotian; B-Sh, basal somphospondylan; Bt, 
basal Titanosauriformes; D-Sh, derived somphospondylan; D-Tf, derived 
Titanosauriformes, Mdt, more derived titanosaurus; Taxon; Ad, Adamantisaurus; Aeo, 
Aeolosaurus; Bau, Baurutitan, Pell, Pellegrinisaurus; Rc, Rinconsaurus; Tr, 
Trigonosaurus. CI, consistency index. 
 
Node Character (Consistency Index) 
Camarasaurus + Bt 2 (1.00)- 24 (0.50) - 29 (0.50) - 33 (0.28) 
Brachiosaurus + [Cedarosaurus + 
Venenosaurs] 4 (0.75)- 11 (0.33) - 19 (0.33) - 33 (0.28) 
D-Tf + B-Sh 27 (0.50) - 36 (0.50) 
B-Sh + D-Sh 6 (0.60) 
D-Sh + Titanosauria 
1 (1.00) - 6(0.60) - 11 (0.33) - 13 (0.33) - 18 (0.25) - 
33 (0.28) 
Titanosauria + B-Lith 6 (0.60) - 19 (0.33) - 38 (0.50) 
Mendozasaurus + Mdt ("Eutitanosauria") 30 (0.66) - 35 (0.28) - 36 (0.50) - 45 (0.50) 
Mdt + Saltasauridae 35 (0.28) 
Opisthocoelicaudiinae  3 (1.00) - 5 (0.50) - 13 (0.33) 
Saltasaurinae 34 (0.50) - 37 (1.00) - 42 (1.00) 
(Ad + Bau) + Rc + [Tr + (Pell + Aeo)] 13 (0.33) - 14 (0.20) - 19 (0.33) 
Rc + [ Tr + (Pell + Aeo)] 33 (0.280 
Tr + ( Pell + Aeo) 19 (0.33) - 31 (1.00) 
Adamantisaurus + Baurutitan 18 (0.25) 
Nemegtosauridae (Rapetosaurus) 38 (0.50) 
Tastavinsaurus + Malarguesaurus 45 (0.50) 
Cedarosaurus + Venenosaurus 7 (0.33) - 19 (0.33) - 32 (0.33) - 41 (0.25) 
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Table 2.9: Character Optimizatin DELTRAN (Delayed transformation). Abbrevations as 
Table 8. 
Node Character (Consistency Index) 
Camarasaurus + Bt  33 (0.28) 
Brachiosaurus + [Cedarosaurus + Venenosaurs]  33 (0.28) 
B-SH + D-Sh 4 (0.75) - 24 (0.50) - 27 (0.50) 
D-Sh + Titanosauria 18 (0.25) 
Titanosauria + B-Lith 6 (0.60) - 19 (0.33) - 38 (0.50) 
Mendozasaurus + Mdt ("Eutitanosauria") 30 (0.66) - 36 (0.50) - 45 (0.50) 
Mdt + Saltasauridae 35 (0.28) 
Opisthocoelicaudiinae 2 (1.00) - 3 (1.00) - 5 (0.50)  
Saltasaurinae 34 (0.50) - 37 (1.00) - 42 (1.00) 
Adamantisaurus + Baurutitan 13 (0.33) - 18 (0.25) - 32 (0.33) 
Tastavinsaurus + Malarguesaurus 45 (0.50) 
Cedarosaurus + Venenosaurus 7 (0.33) - 19 (0.33) - 32 (0.33)  
Tastavinsaurus + Malarguesaurus 6 (0.60) - 11 (0.33) - 45 (0.50) 
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Appendix 2.1 
1-) Caudal bone texture; 
Solid (0)        spongy, with large internal cell (1) 
2-) Caudal vertebrae number; 
More than 45 (0)         35 or fewer (1) 
3-) Caudal transverse processes; 
Persist through caudal 20 or more caudally (0)        disappear by caudal 15 (1) 
Disappear by caudal 10 (2) 
4-)  First caudal centrum, articular face shape; 
Flat (0)    procoelous (1)       opisthocoelous (2)          Biconvex (3) 
5-) First caudal neural arch, coel/ fossa on lateral aspect of neural spine; 
Absent (0)          present (1) 
6-) Proximal caudal centra (excluding the first), articular face shape; 
Non-procoelous (0)      procoelous-distoplatyan (1)     slightly procoelous (2) strongly 
procoelous with prominent condyles (3) 
7-) Proximal caudal centra, pneumatopores (pleurocoels); 
Absent (0)            present (1)  
8-) Cranial caudal centra, length; 
Approximately the same (0)        doubling (1) over the first 20 vertebrae 
9-) Proximal caudal neural arches, spinoprezygapophyseal lamina (sprl): 
Absent (0);     present and extending onto lateral aspect of neural spine (1) 
10-) Proximal caudal neural arches, spinoprezygapophyseal lamina (sprl)-
spinopostzygapophyseal lamina (spol) contact: 
Absent (0);    present, forming a prominent lamina on lateral aspect of neural spine (1)  
11-) Proximal caudal neural arches, prespinal lamina (prsl); 
Absent (0)           present (1) 
12-) Proximal caudal neural arches, postspinal lamina (posl); 
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Appendix 2.1 
Absent (0)        present (1) 
13-) Proximal caudal neural arches, postspinal fossa; 
Absent (1)                 present (1) 
14-) Proximal caudal neural spines, transverse breadth; 
Approximately 50% of (0)          or greater than (1)       craniocaudal length 
15-) Proximal caudal transverse processes, proximal depth: 
Shallow, on centrum only (0);     deep, extending from centrum to neural arch (1) 
16-) Proximal caudal transverse processes, shape; 
Triangular, tapering distally (0)          wing like, not tapering distally (1) 
17-) Proximal and middle caudal centra, shape: 
Cylindrical (0);     quadrangular, flat ventrally and laterally (1) 
18-) Proximal and middle caudal centra, ventral longitudinal hollow: 
Absent (0);      present (1) 
19-) Middle caudal neural spines, orientation: 
Angled caudodorsally (0);    vertical (1) 
20-) Distal caudal centra, shape: 
Cylindrical (0);  dorsoventrally flattened, breadth at least twice height (1) 
21-) Distalmost caudal centra, articular face shape: 
Platycoelous (0);      biconvex (1) 
22-) Distalmost biconvex caudal centra, length – to height ratio: 
Less than 4 (0);     greater than 5 (1) 
23-) Distalmost biconvex caudal centra, number: 
10 or fewer (0);     more than 30 (1) 
24-) ―Forked‖ chevrons with cranial and caudal projections: 
Absent (0);     present (1) 
25-) ―Forked‖ chevrons, distribution: 
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Appendix 2.1 
Distal tail only (0);    throughout middle and distal caudal vertebrae (1) 
26-)  hevrons, ―crus‖ bridging dorsal margin of haemal canal: 
Present (0);       absent (1) 
27-) Chevrons haemal canal, depth: 
Short , approximately 25% (0);     or long, approximately 50% (1) chevron length 
28-) Chevrons: 
Persisting throughout at least 80% of tail (0);    disappearing by caudal 30 (1) 
29-) Distal chevrons, distal contact: 
Fused (0);    unfused (open) (1) 
30-) Articular face shape on middle caudal centra: 
Non-procoelous (0);   procoelous-distoplatyan (1);    slightly procoelous (2);    strongly 
procoelous with prominent condyles (3) 
31-) Middle caudal centra with cranial face strongly inclined cranially: 
Absent (0);      present (1) 
32-) Neural arch in proximal caudal vertebrae: 
Placed on the middle of the centrum (0);    on the cranial portion of the centrum (1);   on 
the cranial border of the centrum (2) 
33-) Proximal caudal neural spine, orientation: 
Vertical (0);     caudally oriented (1);    cranially oriented (2) 
34-) Craniodorsal border of the neural spine in middle caudal vertebrae located: 
Cranially (0);    or caudally (1) with respect to the cranial root of postzygapophyses 
35-) Neural spines in proximal caudal vertebrae, shape section in dorsal view: 
Craniocaudally elongated (0);   transversaly elongated (1);      rectangular (2) 
36-) Neural spines in middle caudal vertebrae, shape: 
Short craniocaudally (0);     laminated and craniocaudallyelongated (1) 
37-) Ventral depression divided by a longitudinal septum in proximal and middle caudal 
vertebrae: 
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Appendix 2.1 
Absent (0);           present (1) 
38-) Prezygapophyses in middle caudal vertebrae, length: 
Shorter than 50% (0);      between 40% and 50% (1);        (2) longer than 50% of the 
centrum Length 
39-) Cranial face of the proximalmost neural spine, orientation: 
Rect (0);         or curved (1) 
 40-) Proximal caudal vertebrae, prezygapophyses, projection: 
Cranially (0);     or dorso-cranially (1) 
41-) Proximal caudal neural spines, ―club-shaped‖ spinous process: 
Absent (0);          present (1) 
42-) Proximal and middle caudal centra, proportions: 
As high as wide (0);       depressed wider than high (1) 
43-) Proximal and middle caudal prezygapophyses, ―rim‖ on lateral aspect: 
Absent (0);               present (1) 
44-) Proximal transverse processes, groove or canal, on dorsal aspect: 
Absent (0);                      present (1) 
45-) Articular face shape on distal caudal centra (excluding the distalmost): 
Non-procoelous (0);   slightly procoelous with reduced condyles (1);   strongly 
procoelous with prominent condyles (2) 
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Appendix 2.2 
Prosauropoda 
000000000000000000000--0-00000000000000000000 
Omeisaurus 
?0100000000000100?00???1100000000000000000000 
Shunosaurus 
00100000000000100?00---1110100000000000000000 
Barosaurus 
0?11001111110111111011?1?00?00001010000100000 
Brachiosaurus 
0?100000001100100000?????10??0011000000100000 
Camarasaurus 
001000000011011000000—1010100010010001010000 
Diplodocus 
001100111111011111101111100100001010000100000 
Haplocanthosaurus 
0?10000000110010000??????10??0020110001100000 
Euhelopus 
????????????????????????????????????????????? 
Malawisaurus 
??1??30?001110100100???0-11??00100010101?0000 
Nigersaurus 
?????0???????????????????????????????????0??? 
 
164 
 
 
 
Appendix 2.2 
Limaysaurus 
00100000001101100000?????1???000001?0?0?00??0 
Alamosaurus 
?1211300001101100100???0-11113011020010100002 
Nemegtosaurus 
????????????????????????????????????????????? 
Neuquensaurus 
1??1031?0011?110010110???????3011120110101002 
Opisthocoelicaudia 
?12210000011011001001000-11110011020010100000 
Rapetosaurus 
1????30?0011????0??????0?11??3011010020100??2 
Saltasaurus 
1????30?00111110010110???11?030111201001?1002 
Tastavinsaurus 
0?110100000101100010???0011?10020011000110001 
Andesaurus 
?????20??????????11????0?11??001100100???0000 
Malarguesaurus 
0???01000000?01000???????????0010001000100001 
Trigonosaurus 
1????30000110010011??????????302202002010010? 
Adamantisaurus 
1???130?00111110?0???????11????21???0?01?000? 
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Pellegrinisaurus 
1??3??0??????01000?1?????????312?0??020?????2 
Aeolosaurus 
1????30?00???0?00120?????????31220100201?0002 
Cedarosaurus 
??1??110?0???0100020?????1???00220000001?0000 
Venenosaurus 
?????010?0???0100020?????10??00200?00?0?10000 
Paluxysaurus 
0????0000011011000000--??10??00110100001100?0 
Astrodon(=Pleurocoelus) 
?????000????????00?0?????????00110100001?0??? 
Baurutitan 
1?130300001111100001???0-11?0302101002010010? 
Rinconsaurus 
1????30??011?0??011111???????30110100?01?0??2 
Muyelensaurus 
1????30?0011?1100?01?????????30110200101?0?12 
Mendozasaurus 
1????3??0011?110010????0?10??20110010101000?1 
Phuwiangosaurus 
?????00?000000?01010100??1?1100100010?1?00??0 
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           Figure 2.1: Hypothesized phylogenetic relationship among macronarian  sauropods. 
Shown is the strict consensus cladogram resulting from this cladistic analysis. 
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                Figure 2.2: Phylogenetic relationships of macronarian sauropod dinosaurs. The 
numbers in the branches expresses de Bremer values highest than 50. 
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CHAPTER 3: MORPHOLOGICAL ANALISYS OF A NEARLY COMPLETE 
CAUDAL SEQUENCE OF A GIANT TITANOSAURID FROM THE LATE 
CRETACEOUS OF PATAGONIA, ARGENTINA 
 
ABSTRACT 
 
A new partially articulated caudal sequence as well as several caudal elements of a large 
sauropod is described. The caudal materials were recovered from the Upper Cretaceous 
(?Campanian-Maastrichtian) Pari Aike Formation of southern Santa Cruz Province, 
southern Patagonia, Argentina. The materials, based on the caudal vertebral elements, are 
herein assigned to Lithostrotia (=Titanosauridae). The caudal elements exhibit 
osteological characters that were previously undocumented in titanosaurids, enhancing 
our understanding of the caudal morphological diversity of this sauropod group. The Pari 
Aike fossil add to the globally sparse Late Cretaceous record of these sauropods and 
augments our knowledge of southern Patagonian terrestrial vertebrate assemblages during 
this interval. Furthermore, osteological features of the tail support that the musculature is 
an important factor in the evolution of caudal morphology by the titanosaurian sauropods. 
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INTRODUCTION 
Titanosaurian sauropods are one of the most successful groups among the 
Sauropoda. Titanosauridae (= Lithostrotia; Upchurch et al., 2004) includes all Late 
Cretaceous sauropods. They were particularly abundant in Gondwanaland (Salgado et al., 
1997a). Although their occurrence in the Late Cretaceous in Laurasia is still debated 
(Powell, 2003), the titanosaurid record in that land is well represented by different genera 
(Sanz et al., 1999; Lehman and Coulson, 2002; Le Loeuff, 2005, Wilson and Upchurch, 
2009, among others). Therefore, the clade Titanosauria should be recognized as one the 
most widely distributed and the latest surviving groups of Cretaceous sauropods 
(Montellano-Ballesteros, 2003). The cranial evidence of this group is limited, but new 
discoveries could reveal much more about their phylogeny, anatomy and paleobiology. 
However, there are abundant postcranial materials that are well described for many taxa. 
Despite ample osteological evidence, the phylogenetic relationships of Titanosauria are 
still often debated (Salgado et al., 1997a; Upchurch, 1998; Bonaparte, 1999a; Wilson, 
2002; 2005; Bonaparte et al., 2006, Calvo et al., 2007a; Wilson and Upchurch, 2009).       
The Upper Cretaceous Pari Aike Formation of southern Patagonia, Argentina (Fig. 3.1) 
preserves a remarkable fossil assemblage that includes silicified tree trunks, invertebrates 
(Kraemer and Riccardi, 1997), and vertebrates, the latter including fishes, turtles, and 
dinosaurs. Although still incompletely known, the Pari Aike dinosaur fauna has become 
better characterized in recent years, and currently includes the iguanodontian ornithopod 
Talenkauen santacrucensis (Novas et al., 2004), the enigmatic theropod Orkoraptor 
burkei (Novas et al., 2008), the gigantic but fragmentary titanosaurian sauropod 
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Puertasaurus reuili (Novas et al., 2005), and several taxonomically indeterminate 
sauropod fossils ( Huene, 1929; Bonaparte, 1996; Powell, 2003; Novas et al., 2005).                                                                          
 Lacovara et al. (2004) reported the occurrence of an extremely large sauropod from the 
Pari Aike Formation, represented by an isolated femur 2.2. m in length. More recently, the 
discovery of a new, nearly complete, and partially articulated titanosaurian skeleton, Museo 
Padre Molina (MPM PV 1156), has greatly augmented the emerging sauropod fauna of this 
formation (Lacovara et al. in preparation). Among the numerous well-preserved elements 
of this sauropod are a partially articulated caudal sequence (Fig. 3.2) as well as many 
disarticulated caudal vertebrae and chevrons.  
 The postcranial skeleton of titanosaurian sauropods is well represented for several 
taxa. Nevertheless, the caudal sequences of large titanosaurian dinosaurs as MPM- PV1156 
are relatively poor (e.g., Futalognkosaurus and Paralititan, see Calvo et al., 2007b; Smith 
et al., 2001 and Carpenter, 2006) or in some case unpreserved (e.g., Argentinosaurus; see 
Bonaparte and Coria, 1993). Therefore, anatomical analysis of tail morphology based on 
the caudal sequence of MPM-PV 1156 will constitute an important character dataset in 
order to document the caudal osteological morphology and the paleobiological implications 
in large-sized sauropod titanosaurian dinosaurs. 
 Thus, the analysis of the Pari Aike titanosaurid caudal vertebrae is significant for 
several reasons:  (1) it may reveal previously-unrecognized anatomical characters that 
will enhance our understanding of evolutionary relationships within the clade; (2) it may 
include an important character dataset for large titanosaurian sauropods;  (3) it may result 
in new hypotheses of phylogenetic relationships within Titanosauria; and (4) it will 
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augment our understanding of the fauna of the Pari Aike Formation, and therefore our 
knowledge of the  Late Cretaceous continental vertebrate assemblages of southern 
Patagonia. 
Institutional abbreviations – CGM, Egyptian Geological Museum, Cairo, Egypt; CPP, 
 entro de Pesquisas Paleontol gicas Llewellyn Ivor Price, Pe ropolis, Minas Gerais, 
Brasil; FMNH PR, Field Museum of Natural History, Chicago, USA, IANIGLA, 
Instituto rgentino de Nivolog a, Glaciolog a y  iencias mbientales, Mendoza, 
Argentina; MAU Pv (=MRS Pv), Paleontolog a de Vertebrados, Museo Municipal 
― rgentino Urquiza‖, Rinc n de los Sauces, Neuqu n, Argentina; MCS, Museo de  inco 
Saltos, R o Negro, Argentina; MCT, Museu de  iencia da Terra ( epartamento Nacional 
de Producao Mineral), R o de Janeiro, Brazil; MN, Museu Nacional of the Universidade 
Federal do R o de Janeiro, R o de Janeiro, Brazil; MPCA, Museo Provincial ― arlos 
 meghino‖,  ipolletti, R o Negro, Argentina; MUCPv, Museo de Geolog a y 
Paleontolog a, Universidad Nacional del  omahue, Neuqu n, Argentina; MUGEO, 
Museu Geol gico Valdemar Lefevre, Sa o Paulo, Brazil; PVL, Fundaci n Miguel Lillo, 
Universidad Nacional de Tucum n, Tucum n, Argentina; SMU-Mal, Southern Methodist 
University, Dallas, USA; UNPSJB, Universidad Nacional de la Patagonia San Juan 
Bosco, Chubut, Argentina; USNM, National Museum of Natural History, Washington, 
D.C., USA; ZPAL, Instytut of Paleobiologii, Polish Academy of Sciences, Warsaw, 
Poland. 
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Referred Materials – MPM PV 1156/2-18, an articulated caudal sequence, which 
includes the proximal and the middle section of the tail (Fig. 3.3 to 3.23). MPM PV 
1156/1 and 19-28, associated caudal vertebrae, including the putative proximalmost 
caudal vertebrae and distal caudal vertebrae (Fig. 3.24 to 3.34). Thus, a set of proximal, 
middle and distal chevrons (MPM PV 11546/Ch1-Ch13; Fig. 3.35 to 3.46) were 
recovered associated with the above caudal materials. 
Locality – Cerro Los Hornos, La Leona, Santa Cruz Province, Argentina. 
Horizon and age – Upper Cretaceous (?Campanian - Maasthricthian); Pari Aike 
Formation (Kraemer and Riccardi, 1997; Novas et al., 2004, 2005, 2008; Lacovara et al., 
2004) south of Patagonia, Argentina. 
 
MATERIALS AND METHODS 
 
MPM PV 1156 includes a partially articulated caudal sequence (17 caudal 
vertebrae), which corresponds to the proximal to middle portion of the tail. Thus, several 
caudal remains were collected, associated in the same quarry, but isolated. Among these 
caudal elements is the probable proximal most caudal vertebra as well as several distal 
caudal vertebrae. 
MPM PV (Museo Padre Molina, Paleovertebrate collection) 1156 is the 
Institutional abbreviation and the general repository number. The individual respective 
skeleton elements, are not been cataloged yet; therefore, temporarily the caudal vertebrae 
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are listed as MPM PV 1156- 1 to 28 (following their estimated position in the caudal 
sequence). The anatomical positions through the caudal sequence of the caudal remains 
as proximal, middle and distal are determinate according to the following parameters. 
The presence of transverse processes indicates that the set of caudals are proximal; the 
relation between the craniocaudal length and height as well as the morphological 
variation of the neural spines, indicate that the caudal remains correspond to the middle 
section of the tail. Finally, if the centra are markedly longer than high and the neural 
spines are low, the caudal vertebrae are interpreted as distal.    The osteological 
description is organized as follows: The proximal caudal vertebrae (MPM PV 1156-1- 8), 
middle caudal vertebrae (MPM PV 1156- 9 - 18) and distal caudal vertebrae (MPM-PV 
1156- 19 - 28). Moreover, the osteological description includes the haemal arches (MPM 
PV 1156-Ch1 to Ch13). 
 An isolated proximal caudal vertebra was recovered in the main quarry (MPM PV 
1156/A; Fig. 3.47). However, this isolated caudal vertebra, displays evidences which 
suggests that it fossil may belong to a juvenile specimen (see below). Moreover, a second 
set of four caudal vertebrae also was recovered (MPM PV 1156/B1-4; Fig. 3.48). 
Comparison with the well represented caudal sequence suggests middle to distal position 
for these caudal elements. The occurrence of these last set caudal remains is about 80 
meters from the main quarry (MPM PV 1156/1-28 + MPM PV 1156/A). Either MPM PV 
1156/A or MPM PV 1156/B1-4 are described separate from the rest of the caudal 
materials, owing to the fact that both set of caudal remains display anatomical features 
which suggest that they are different of  MPM PV 1156/1-28 (see below). 
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 In order to determinate the morphological affinities of MPM PV 1156/1-28, several 
titanosaurian taxa were selected and compared (Table 3.1). Because the study of MPM 
PV 1156/1-28 is based on the caudal vertebrae, the selection of the titanosaurian taxa was 
based on specimens in which this part of the axial skeleton is well- represented. Some of 
the taxa were directly observed in their respective institutions and for others the 
morphological information was taken from the literature.   
 A phylogenetic analysis was performed in order to elucidate the relationships of 
MPM PV-1156 among Titanosauria using PAUP 4.0 beta 10 (Swofford, 2002). The 
matrix was based on that proposed by Calvo et al., 2007b. The matrix is composed for a 
total of 19 ingroup taxa and 65 characters (including 15 caudal characters)(Appendix 3.1-
3.2). All characters were equally weighted and unordered.  
 
DESCRIPTION 
 
Proximal caudal vertebrae (MPM PV 1156/1-8) 
  The proximalmost caudal vertebra recovered (MPM PV 1156/1) is incomplete. The 
specimen preserves the centrum and a portion of the neural arch (i.e., base of the neural 
and the prezygapophyses). MPM PV 1156/1 shows some diagenetic deformation. The 
centrum is strongly procoelous. In ventral view, the centra are divided by a ventral 
groove.  The robust transverse processes are caudally directed and they are placed on the 
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base of the neural arch. The partially preserved neural canal is open. The nearly complete 
prezygapophyses are relatively short and robust and are cranially directed.  
The remaining proximal caudal vertebrae (MPM PV 1156 -2 to 8; Fig. 3.3-3.14; Fig. 
3.49-3.50; Table 3.2-3.5) display diagenetic deformation; however, the caudal elements 
are well preserved; therefore all the characters can clearly be appreciated. The caudal 
centra are strongly procoelous. The concave cranial faces are subcircular in outline while 
the caudal faces are strongly convex. The borders of the caudal articular faces are 
strongly marked and the caudal condyles are displaced dorsally. Thus the cranial articular 
surfaces of the centra are always higher than wide. The relatively high lateral faces are 
concave with strong rugosities, particularly, toward the borders of both cranial and caudal 
articular surfaces. In lateral view, the lateral faces through part of the first section of the 
tail, (MPM PV 1156- 4 to 7), are ―V- shaped‖ (i.e., ventrally, in this portion of the tail, 
the centra became dorsoventrally more narrow). In ventral view, the proximal caudal 
vertebrae show a relatively well marked deep groove. The transverse processes are 
relatively short and robust. They point caudally and disappear in caudal vertebra 9/10. 
The neural arches are placed over the cranial half of the centrum, near the cranial margin 
of the articular surface. Although not fully prepared, the neural canals are open. The 
robust prezygapophyses are slightly craniodorsally directed and their lateral faces are 
gently curved. The relatively strong articular facets of the prezygapophyses are 
subcircular in contour. Thus, the contour of the postzygapophyses are weakly defined and 
are somewhat sunken, in caudal view, the postzygapophyses in tandem with the ventral 
part of the neural spine display a ―V-shape‖. The facets of the postzygapophyses are 
small, subcircular in outline and dorsoventrally directed. The neural spines are gently 
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caudally oriented. However, those of MPM PV 1156 7 and 8 are vertical, although it is 
probably due to the diagenetic deformation. In all the proximal neural spines either the 
prespinal or the postspinal laminae is present. Both laminae are pronounced, particularly 
in the proximalmost caudal vertebrae. The neural spines are wider craniocaudally than 
transversly. Thus, both spinoprezygapophyseal and the spinopostzygapophyseal laminae 
are observed in lateral view. Likewise, the craniodorsal border of the proximal neural 
spines are pointed or inclined slightly cranially. Moreover, in all proximal caudal 
vertebra, the haemapophyses follow different planes (i.e., one is more forward than the 
other) as well as the left haemapophysis is more slightly robust than the right one. 
The basic caudal morphology of the proximal caudal elements displays strong 
similarities to one another; however, some of the vertebrae show distinctive features. For 
example, in MPM PV 1156-2, the transverse processes show slight grooves on the dorsal 
aspect. Slightly below the postzygapophyses, there is a pronounced fossa or concavity. 
MPM PV 1156/ 4 exhibits an asymmetric concavity in the right side of the cranial 
articular surface as well as several foramina on the lateral face. This fossa is also present 
in MPM PV 1156/ 5; however, in this vertebra the fossa is at the level of the 
postzygapophyses. Also in MPM PV 1156/ 5 the asymmetric concavity on the right side 
of the cranial articular surface is less marked than in MPM PV 1156/ 4.  In MPM PV 
1156/6 or MPM PV 1156/7 the fossa located at the level of the postzygapophyses can 
still be observed, but the size decreases in these caudal vertebrae. 
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Middle caudal vertebrae (MPM PV 1156/ 9-19; Fig. 3.15-3.26; Fig.3. 51-3.52; Table 
3.2-3.5) 
The centra are procoelous with strongly concave cranial articular surfaces and 
marked condyles or ―balls‖ on the caudal articular surfaces. In the first caudal of the 
middle sequence, MPM PV 1156/9 there is still a remnant of the transverse processes. On 
the lateral aspect of the neural arch base, there is a marked longitudinal ridge. This 
structure also is clearly observed in the rest of the middle caudal vertebrae (MPM PV 
1156/10 to 18). The caudal condyle is located slightly dorsally in MPM PV 1156/9-10-
11, whereas of the rest of middle caudal centra, the caudal ―ball‖ is somewhat centrally 
placed. The height of the lateral faces decreases in this section of the tail as well as the 
centra are less concave than their proximal counterparts. As result the centra in lateral 
view, shows a subrectangular shape. Thus, either the cranial or the caudal articular 
borders, particularly the latter, are well marked. The rugosities in the proximal caudal 
vertebrae are also observed in the middle caudal centra. Between the two haemal arch 
attachments, there is a well marked longitudinal groove. The neural arches are placed 
over the cranial half of the centrum; however, in the proximalmost section of the middle 
caudal sequence, including MPM PV 1156/9-10-11, they are near the cranial border, 
whereas in the rest of the middle sequence, the neural arches are slightly back on the 
centrum, but always on the cranial portion. The neural canals are open. The 
prezygapophyses are cranially directed, they are long, occupying more than 50% of the 
total length of the centrum. In the lateral aspect of the middle prezygapophyses, there are 
well pronounced rims. Although partially preserved in MPM PV 1156/13-14-15, the 
intraprezygapophyseal lamina can be observed. The postzygapophyses are small and 
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somewhat sunken, particularly in the proximalmost middle caudals (e.g., MPM PV 
1156/9-10-11), whereas in the rest of the middle sequence, they migrate to the 
caudoventral border of the neural spines. The neural spines are wider craniocaudally than 
transversely. In dorsal view, they display a laminated shape. Thus, the craniodorsal 
border of the neural spines in MPM PV 1156/9-10-11 points cranially as in the proximal 
neural spines; however, it is much marked in these three caudal segments. In the rest of 
the middle caudal vertebrae, the general shape of the neural spines is the same; however, 
unlike the proximalmost middle neural spines, in the remaining middle caudal vertebrae, 
the caudodorsal border is pointed caudally.  The haemapophyses are in different planes as 
for the proximal caudals. Also, the left haemapophysis is bigger than the right one. 
Distal caudal vertebrae (MPM PV 1156/ 20- 29; Fig. 3.27-3.34; Fig. 3.53; Table 3.2-
3.5) 
The distal caudal vertebrae were isolated but associated with the articulated 
caudal sequence. The distal caudal vertebrae are procoelous. The cranial articular 
surfaces are concave, whereas the caudal articular condyles are centrally located and 
somewhat embedded. The articular borders are distinct. The centra are longer than the 
middle vertebrae and their lateral surfaces are slightly concave. In ventral view, the 
centra are divided by a shallow groove. The neural arches are placed over the cranial half 
of the centrum, at some distance from the cranial margin of the articular surfaces. The 
long and slender prezygapophyses surpass the cranial border of the articular surfaces. The 
postzygapophyses are relatively near the margin of the caudal articulations and their 
facets are subcircular in outline. The low and craniocaudally expanded neural spines do 
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not show evidence of any type of lamination. The asymmetrical haemapophyses occur at 
least through MPM PV 1156/19 to 25 as in the proximal and middle caudals. 
Chevrons (MPM PV 11546/Ch1-Ch13; Fig. 3.35-3.46; Table 3.6) 
  A total of 13 chevrons were recovered. MPM PV 1156/Ch1 to Ch8 were 
articulated, whereas the remaining haemal arches were found isolated, but associated. 
The chevrons are well preserved; however, some display a degree of taphonomic 
deformation and other chevrons are incomplete. The chevrons correspond to the proximal 
and distal section of the tail.  ll are dorsally open and have the ―Y- shape‖ (MPM PV 
1156/Ch1-10). In the proximal haemal arches, the rami are deeply divided without the 
dorsal ―crus‖. Thus, the haemal canal in the proximal chevrons occupies about 50% of 
the full length where it can be measured. The articular facets are well marked and their 
contour is circular to sub-circular. In lateral view, the ventral part of the proximal 
chevrons forms a craniocaudally expanded distal blade. The robust distal chevrons are 
open dorsally (MPM PV 1156/Ch12 and Ch13). The haemal canal occupies more than 
the 70% of the total length. The proximal most distal haemal arch exhibits a ―V- shape‖ 
(MPM PV 1156/Ch12), whereas the distal-most of the haemal arch recovered displays a 
―U- shape‖ to slightly ―V-shaped‖ (MPM PV 1156/ h13).   
Morphological caudal variation based on the articulate sequence  
The partially articulated caudal series constitutes an opportunity to analyze the 
morphological variation through the caudal sequence. As mentioned above the sequence 
includes the proximal and part of the middle caudal vertebrae. The centra are all 
procoelous; however the size and the position of the caudal condyles change through the 
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sequence. For example, MPM PV 1156/2 to 14 the caudal condyle is dorsally positioned 
whereas the rest of the articulate sequence is somewhat centrally located. The height of 
the lateral faces decreases caudally. The lateral surfaces of MPM PV 1156/4 -5 are 
inclined ventromedially, resulting in narrow ventral surfaces, whereas in MPM PV 1156/ 
6 – 7, the primary lateral surface (sensu Salgado and Garcia, 2002) is restricted to the 
ventral portion of the centrum. The short transverse processes are robust and caudally 
directed. In the articulated caudal sequence, they disappear at caudal vertebra ninth 
(MPM PV 1156/9) whereas in MPM PV 1156/10 just a vestige of them is observed. In 
MPM PV 1156/ 2 and MPM PV 1156/ 3 (Fig. 3.49 A-B), the transverse processes are 
placed at the base of the neural arches and they migrate in the subsequent caudals (MPM 
PV 1156/4-5-6-8) to the middle line of the lateral surfaces. The prezygapophyses are 
relatively short and robust in the proximal caudal vertebrae (MPM PV 1156/2-3-4-5-6-7) 
whereas in MPM PV 1156/8 to 15, they are longer and more slender than the proximal 
cranial zygapophyses. Thus, well-marked ―rims‖ on the lateral aspect of the 
prezygapophyses are present in MPM PV 1156/8 to 15. The cranially positioned neural 
arches occur through the majority of the articulated caudal sequence; however, in MPM 
PV 1156/12-17, the neural arch is slightly farther back than in the rest of the articulated 
caudals. The lamination is strongly developed in the proximal neural spines, including the 
prespinal, postspinal as well as the spinoprezygapophyseal and spinopostzygapophyseal 
laminae. However, in MPM PV 1156/8-9, the well marked laminae, particularly the 
spinozygapophyseal, decrease in concert with the reduction of the height and 
morphological changes of the neural spines. The dorsoventral height of the neural spines 
decreases, particularly between MPM PV 1156/7 and MPM PV 1156/8. Also in this 
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section of the tail, the neural spines show strong transversal reduction (i.e., they are more 
laminate in shape) as well as the craniodorsal border points more cranially. Finally in 
MPM PV 1156/16, the cranial projection of the craniodorsal border of the neural spine 
changes; therefore, in this caudal vertebra and in the subsequent articulated caudal 
elements (MPM PV 1156/17-18), the dorsal border of the neural spines is pointed 
caudally. 
 
COMPARISONS 
 
To ascertain the evolutionary affinities of MPM PV 1156/1-28/Ch1-Ch13 within 
Titanosauria, we compared the specimen to the following Cretaceous taxa within this 
clade: the basalmost titanosaurian Andesaurus delgadoi ( MUCPv;  Calvo and Bonaparte, 
1991), the basal representatives of Lithostrotia (=Titanosauridae) such as Malawisaurus 
dixeyi (SMU-Mal; Jacobs et al., 1993, Gomani, 1999, 2005), Mendozasaurus neguyelap 
(IANIGLA; Gonz lez Riga, 2003, 2005), and Futalongkosaurus dukei (MUCPv; Calvo et 
al., 2007a), the epachthosaurine Epachthosaurus sciuttoi (UNPSJB PV; Martinez et al., 
2004), the nemegtosaurinae Rapetosaurus krausei (FMNH PR; Curry Rogers and Foster, 
2001; Curry Rogers, 2009). In addition to those titanosaurian taxa, the aeolosaurines 
sauropods Aeolosaurus rionegrinus (MPCA; Powell, 1991; Salgado and Coria, 1993; 
Salgado et al. 1997b), Aeolosaurus colhuehuapensis (UNPSJB PV; Casal et al., 2007) 
and Gondwanatitan faustoi (MN; Kellner et al.,1999), the Patagonian titanosaur, 
Muyelensaurus pecheni (MAU Pv; Calvo et al., 2007a), Rinconsaurus caudamirus (MAU 
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Pv; Calvo and Gonzalez Riga, 2003), Pitekunsaurus macayai (MAU Pv; Filippi and 
Garrido, 2008), Pellegrinisaurus powelli (MPCA; Salgado, 1996) as well as the 
opisthocoelicaudinae titanosaurs  Alamosaurus sanjuanensis (USNM; Gilmore, 1922) 
and Opisthocoelicaudia skarzynskii (ZPAL; Borsuk Bialynicka, 1977) were selected by 
their caudal comparison. Thus, several Brazilian titanosaurian taxa such as 
Adamantisaurus mezzalirai (MUGEO;  Santucci and Bertini, 2006a), Baurutitan britoi 
(MCT; Kellner et al., 2005), Maxakalisaurus topai (MN; Kellner et al., 2006), 
Trigonosaurus pricei (MCT; Campos et al., 2005) and Uberabatitan ribeiroi (CPP; 
Salgado and Carvalho, 2008) were compared with the caudal materials of  MPM PV 
1156.  The derived titanosaurs, such as the saltasaurines Neuquensaurus australis (MLP, 
MCS; Lydekker, 1893, Salgado et al., 2005), Rocasaurus muniozi (MPCA; Salgado and 
Azpelicueta, 2000) and Saltasaurus loricatus (PVL; Bonaparte and Powell, 1980; Powell, 
1992) were also selected in this current morphological caudal comparison. Finally, as 
mentioned above, although within Titanosauria, the caudal fossil record of large 
titanosaurids is poor, nevertheless, in addition to F. dukei, the African taxon Paralititan 
stromeri (CGM; Smith et al., 2001), was selected in order to determine the morphological 
caudal evolutionary affinities with MPM PV 1156/1-28/Ch1-13. 
The proximalmost caudal vertebra of MPM PV 1156/1 resembles those seen in 
Adamantisaurus, Epachthosaurus, Futalongkosaurus, Paralititan, Trigonosaurus,  
Saltasaurus, among others in having procoelous proximalmost centrum. On the other 
hand, the first caudal recovered by MPM PV 1156 differs from those seen in 
Alamosaurus, Baurutitan,  Neuquensaurus, Pellegrinisaurus, apparently in Aeolosaurus  
and probably “ nt r t s urus” (=?Jainosaurus, Wilson, 2009 ) wichmannianus (See 
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Novas, 2009) which have biconvex first caudal centra. Thus, the procoelous condition 
displayed for MPM PV 1156/1, differs from those seen in the basalmost representative of 
Titanosauria, Andesaurus which exhibited amphicoelous-distoprocoelous proximalmost 
centrum (i.e., concave cranial articulation surface and slightly procoelous caudal 
articulation). Likewise, MPM PV 1156/1 contrasts that observed in Opisthocoelicaudia, 
because the latter show an opisthocoelous first caudal centrum.  
With regard to the proximal caudal vertebrae, excluding the first in the series, the 
procoelous condition displayed for MPM PV 1156/2-8 is shared with most of the 
titanosaurid taxa mentioned above. However, the condition differs from that seen in 
Andesaurus in which the proximal caudals are amphicoelous-distoprocoelous and 
amphiplatyan through the proximal sequence, with the exceptional cases of 
Opisthocoelicaudia and   Borealosaurus wimani (You et al., 2004) which exhibit 
opisthocoelous proximal centra. Thus, although the centra are procoelous, in the basal 
lithostrotians such as Malawisaurus and Mendozasaurus, the procoelous condition 
throughout the proximal and middle caudal vertebrae  is less developed than in the 
proximal and middle caudal of MPM PV 1156/2-8 (i.e., the caudal condyles are less 
pronounced). The high lateral surfaces exhibited for MPM PV 1156/2-8 are a feature 
shared with aeolosaurines such as Aeolosaurus and Gondwanatitan. With the regard to 
the height of the lateral surfaces, in the other taxa chosen in this current comparison, the 
proximal caudal centra are as high as wide (i.e., with subequal centrum width: height 
ratios); however, the saltasaurines (e.g., Neuquensaurus and Saltasaurus) and the putative 
Brazilian saltasaurine Maxakalisaurus, the centra are depressed and wider than high, an 
anatomical caudal feature which differs from those seen in the proximal caudal vertebrae 
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of MPM PV 1156/2-8. Thus, the middle caudal vertebrae of the latter does not show the 
deeply excavated lateral faces present in Uberabatitan. The lateral longitudinal ridge 
placed on the base of the middle neural arch in the middle caudal section (MPM PV 
1156/10-18) is comparable to the craniocaudally elongated ridge present in 
Gondwanatitan and in Epachthosaurus. The same process or structure may correspond to 
a vestige of the dorsal tuberosity (sensu Kellner et al., 2005) described in Baurutitan and 
therefore also comparable to MPM PV 1156 middle caudals. Thus, similar structures, 
situated on the contact surface between the transverse processes and the neural arch in 
middle caudal vertebrae, are present in Alamosaurus. In ventral view, haemapophyses in 
different planes is a feature that MPM PV 1156 shares with aeolosaurines. Thus, the 
ventrally narrow centrum, especially in the proximal section of the tail, resembles those 
in the latter titanosaurian subclade. In ventral view, MPM PV 1156 proximal and middle 
caudals display a longitudinal groove which divided the haemapophyses, a feature shared 
with several titanosaurs (e.g., Adamantisaurus, Alamosaurus, Opisthocoelicaudia, 
Rapetosaurus, among others). In contrast, saltasaurines show a deep ventral groove 
through the entire ventral surface, whereas the representative of the most inclusive clade, 
Saltasaurini, as such Rocasaurus, the proximal and middle centra are marked by a deep 
ventral depression divided by a longitudinal septum in proximal and middle caudal 
vertebrae.   
All titanosaurs are characterized by cranially positioned neural arches in all 
caudal vertebrae, a synapomorphy for the broader group Titanosauriformes (Salgado et 
al., 1997a). The short and robust caudally directed proximal transverse processes are 
shared with most of titanosaurs; however, a groove or canal on the dorsal aspect are 
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absent in the titanosaurian taxa used in this comparison. Nevertheless, the robust 
transverse processes observed in MPM PV 1156/1-6 differ from those seen in Baurutitan 
and Pitekunsaurus, in which are distally relatively thin (i.e., compressed dorsoventrally).  
The long prezygapophyes in the middle caudal vertebrae are comparable to those 
observed in several titanosaurs such as Aeolosaurus, Baurutitan, Pellegrinisaurus and 
Trigonosaurus.  The rims on the lateral aspect of the middle prezypophyses are a caudal 
character which MPM PV 1156/8-15 shares with the Brazilian titanosaurs Baurutitan and 
Trigonosaurus. Moreover, although less developed, the interprezygapophyseal laminae 
found in MPM PV 1156/13-14-15 is comparable to those observed in Aeolosaurus, 
Gondwanatitan, Muyelensaurus and Rinconsaurus. The strongly reduced facets of the 
postzygapophyses in the proximal and middle caudal vertebrae of MPM PV 1156, 
contrasts with those of other titanosaurs (e.g., Adamantisaurus, Baurutitan, 
Trigonosaurus, Rapetosaurus, among others). On the other hand, they resemble those 
present in the Patagonian titanosaur Muyelensaurus. However, the postzygapophyseal 
process (sensu Calvo et al., 2007a), which apparently synapomorphically joined the latter 
and Rinconsaurus and is also present in Pitekunsaurus, is absent in the proximal and 
middle caudal vertebrae of MPM PV 1156/2-19. 
The prespinal and the postspinal laminae in the proximal caudal vertebrae of 
MPM PV 1156 extend to the tip of the neural spine as in most titanosaurs. However, it 
differs from those seen in Rinconsaurus which exhibit short spinal laminae (Curry 
Rogers, 2009). Robust prespinal and postspinal laminae of MPM PV 1156/2-8 is a 
feature shared with several titanosaurs (e.g., Adamantisaurus, Baurutitan, Rapetosaurus, 
Trigonosaurus, among others). Nevertheless, these two stout laminae are more prominent 
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than those in those taxa. The general neural spine morphology of the proximal caudal 
vertebrae resembles that observed in several Brazilian titanosaurs, such as 
Adamantisaurus, Baurutitan, and Trigonosaurus; however, these taxa differ specifically 
from MPM PV 1156/2-8 in the transverse width, which is wider in the titanosaurs from 
Brazil. The subrectangular to rectangular contour of the proximal neural spines in dorsal 
view, as those in Muyelensaurus, opisthocoelicaudines such as Alamosaurus and 
Opisthocoelicaudia and derived titanosaurs (e.g., Neuquensaurus and Saltasaurus) is 
absent in MPM PV 1156. Thus, the craniodorsally elongated neural spines of the latter as 
well as in Epachthosaurus, contrast with the transversely expanded neural spines of 
Mendozasaurus and Rinconsaurus.  The large titanosaur Futalongkosaurus shows in the 
proximalmost caudal vertebra a strongly transversely expanded neural spine. As result, 
the neural spine in dorsal view is ―T-shaped‖. Thus, Futalongkosaurus displays a 
supraspinal lamina (sensu Calvo et al., 2007b). Related to these two last caudal 
characters, the strongly expanded neural spine and the supraspinal lamina are caudal 
features absent in the proximalmost caudal vertebra in MPM PV 1156. 
The general morphology of the distal caudal vertebrae (MPM PV 1156/20-29) 
resembles those seen in several titanosaurs in having procoelous centra markedly longer 
than wide. Thus, the presences of relatively short prezygapophyses as well as low neural 
spines are features shared among several titanosaurs. However, the distal-most caudal 
vertebra recovered (MPM PV 1156/28) is procoelous, a character which differs from the 
articulated condition (i.e., biconvex, procoelous, opisthocoelous, amphiplatyan, and 
amphicoelous) observed in the distal-most caudals seen in some titanosaurs such as 
Pitekunsaurus and Rinconsaurus. Hyposphene-hypantrum articulations are absent in the 
187 
 
 
 
caudal materials of MPM PV 1156, which contrast with Epachthosaurus. The haemal 
arches (MPM PV 1156/Ch1-Ch13) are comparable to those of Adamantisaurus, 
Baurutitan, Uberabatitan, and Rapetosaurus. They differ from the ―U-shaped‖ haemal 
arches of Andesaurus and Malawisaurus. However, the strong craniocaudally expanded 
distal blades of the proximal chevrons (MPM PV 1156/Ch1-Ch6) are a unique feature 
within Titanosauria (see discussion). 
MPM PV 1156/A and MPM PV 1156/B1-2-3-4 
In addition to the partially articulated caudal sequence, chevrons and isolated, but 
associated caudal vertebrae, a set of caudal vertebrae were recovered in the main 
quarry.A caudal vertebra (MPM PV 1156/A; Fig. 3.47) was found associated with the 
caudal materials described above. Roughly 80 meters from the main quarry, another 
caudal set (MPM PV 1156/B1-2-3-4) also was recovered. These materials were 
associated and partially articulated. Unfortunately, the fossils (MPM PV 1156/B1-2-3-4) 
were not well preserved. Nevertheless, one of the caudal fossils (Fig. 3.48) shows clearly 
all of the caudal features. 
MPM PV 1156/A, probably a proximal caudal vertebra, is procoelous. The cranial 
and caudal articular surface borders are well marked. The cranial concave articular 
surface is subcircular to circular in outline. The caudal condyle is dorsally placed. The 
centrum toward the ventral lateral side is strongly concave. The relatively robust and 
short transverse processes are located at the base of the neural arch. The dorsal aspect 
displays a well marked groove. The transverse processes are slightly pointed caudally. 
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The neural canal is open. The neural arch is placed on the cranial half of the centrum. The 
zygapophyses are not preserved. The incomplete neural spine appears to be low. 
MPM PV 1156/B is slightly procoelous. The cranial articular surface is gently 
concave. In lateral view, the centrum exhibits a subrectangular shape and it is slightly 
concave craniocaudally. The prominent neural canal is open. The neural arch is tall. The 
prezygapophyses slightly surpass the cranial border of the articular surface. Thus they are 
slightly craniodorsally directed. The postzygapophyses are behind the caudal articular 
border. The dorsally rounded neural spine is pointed caudally.  
 
DISCUSSION 
 
Salgado et al. (1997a) proposed the presence of procoelous proximal caudal 
vertebrae as a synapomorphy of Titanosauria. In addition, Wilson (2002) includes the 
absence of forked chevrons, a reversed homoplastic feature, as another synapomorphy by 
Titanosauria.  These two caudal characters are clearly present in MPM PV 1156. Thus, 
Salgado et al. (1997a) support the inclusion of strongly procoelous (with well-marked 
―ball and socket‖ articular surfaces) proximal and middle caudal vertebrae as a 
synapomorphy of Titanosauridae (=Lithostrotia; Upchurch et al., 2004). As mentioned 
above either the proximal or the middle caudal vertebrae are strongly procoelous; 
therefore, undoubtedly MPM PV 1156 belongs to Titanosauridae (=Lithostrotia). Within 
the clade, MPM PV 1156 does not show the dorsoventrally flattened distal caudal centra 
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of saltasaurines such as Neuquensaurus and Saltasaurus, a synapomorphy for the 
titanosaurian subclade (Salgado et al., 1997a; Wilson, 2002). Thus, the absence of deep 
ventral depressions and longitudinal ventral ridges as characters defining representativses 
of the most inclusive subclade Saltasaurini (Bonaparte and Salgado, 2007) Rocasaurus, 
support the conclusion that MPM PV 1156 is not related to this group of derived 
titanosaurs. Although the transverse processes disappear early in the caudal sequence of 
MPM PV 1156, by caudal 10, which is considered a synapomorphy of 
Opisthocoelicaudiinae (Wilson, 2002), the absence of opisthocoelous/amphiplatyan 
caudal vertebrae support the view that MPM PV 1156 does not belong to that 
titanosaurian subclade. Thus, Alamosaurus and Opisthocoelicaudia synapomorphically 
share a coel on the lateral aspect of the first neural spine, a feature also present in the 
putative second caudal vertebra of Adamantisaurus (Santucci and Bertini, 2006). 
Unfortunately, the proximalmost caudal neural arch in MPM PV 1156 is missing. 
However, the rest of the proximal caudal vertebrae exhibit marked fossae on the lateral 
aspect, specifically about at the level of the postzygapophyses. Therefore, this feature 
differs from the synapomorphy proposed for Opisthocoelicaudiinae (Wilson, 2002, see 
below). Recently, Calvo et al. (2007a) supported the inclusion of a new titanosaurian 
subclade Rincosauria, which joins Muyelensaurus and Rinconsaurus. The subclade 
includes two caudal synapomorphies, the presence of postzygapophyseal process in 
middle caudal vertebrae and distal caudal centra depressed caudally. These features are 
absent in MPM PV 1156, which suggests the exclusion of the latter from this putative 
clade. Thus, the clear rectangular shape in dorsal view of the proximal neural spine of 
Muyelensaurus and the articulated condition of the articular surfaces of the distal-most 
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caudal vertebrae of Rinconsaurus are characters which differ from those seen in MPM 
PV 1156/28-29, which are procoelous . Gonz lez Riga (2003, 2005) described a new 
titanosaurid sauropod, Mendozasaurus. This Patagonian taxon, is phylogenetically related 
to Malawisaurus (Calvo et al., 2007a). The general caudal morphology of the former and 
the latter differ in some aspects; however, the condition and state of the caudal 
articulations contrast those in MPM PV 1156 caudal materials.  Gonz lez Riga (2003) 
proposes three caudal autapomorphies for Mendozasaurus. He included as 
autapomorphies the following characters: interzygapophyseal cavity dorsoventrally 
extended, which surrounds the spinopostzygapophyseal and the spinoprezygapophyseal 
laminae in the proximal and middle caudal vertebrae, with reduced condyles which are 
dorsally placed. In addition, to these two diagnostic caudal characters, Gonz lez Riga 
(2003) includes laminar middle to distal neural spines with straight dorsal border and 
craniodorsal corner which forms a right angle.  MPM PV 1156 exhibits the cavity or 
fossa, which is limited by the spinopostzygapophyseal and spinoprezygapophyseal 
laminae in the proximal caudal vertebrae, the dorsally placed condyles in the 
proximalmost section of the middle caudal vertebrae and middle to distal neural spines 
with straight dorsal borders. Nevertheless, the slightly procoelous state in the middle 
caudals and the craniodorsal corner show a right angle, features which differ from those 
seen in Mendozasaurus. Epachthosaurus, another of the basal titanosaurian, displays 
accessory intervertebral articulations [i.e., hyposphene-hypantrum (Martinez et al., 
2004)], an autapomorphic feature absent in MPM PV 1156/2-14.  Franco-Rosas et al. 
(2004), supported the inclusion of a new titanosaurian subclade, Aeolosaurini. The 
diagnosis of this group was based on the caudal vertebrae. Although, Aeolosaurini was 
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not phylogenetically supported (Calvo et al., 2007a), the similarities of caudal 
morphological characters, exhibited for Aeolosaurus and Gondwanatitan appear to be 
well supported. Franco-Rosas et al. (2004) include the following set of caudal characters 
for Aelosaurini: proximal and middle caudal centra with forward directed cranial margin, 
neural arches in middle caudal vertebrae placed on the cranial border, middle neural 
spines forward inclined, long prezygapophyses in proximal and middle caudals with 
facets of the prezygapophyses and postzygapophyses craniocaudally elongated. Thus, 
Salgado and Coria (1993) diagnosed, among other features, Aeolosaurus by possessing 
compressed caudal centra with high lateral surfaces and ventrally narrow surfaces, 
specifically about caudal 3-4, wide articular facets in the proximal prezygapophyses. In 
addition, they added as synapomorphies postzygapophyses in the middle caudals 
positioned on the cranial half of the centrum and haemapophyses with proximal ends 
separated into different planes. MPM PV 1156/1-29 displays some of these diagnostic 
caudal characters. For example, the high lateral surfaces, the ventrally narrow centra in 
the proximal caudals, the cranially placed middle neural arches, the long cranially 
directed prezygapophyses in middle caudal vertebrae, the postzygapophyses cranially 
located in relation to the centrum, and haemapophyses well developed in different planes. 
Although, the cranial margin of caudal centra, particularly in the middle section of MPM 
PV 1156, appears to slightly forwardly directed, it is difficult to discern if it is a 
consequence of the diagenetic deformation. Nevertheless, the strong cranial inclination of 
the middle neural spines is not observed in MPM PV 1156 middle caudal vertebrae. 
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Potential diagnosis character of MPM PV 1156/1-28/Ch1-13 
The asymmetric concavity in MPM PV 1156/4-5 on the right side of the cranial 
articular surface is a feature unique among titanosaurids. The asymmetric structures, 
specifically in the axial skeleton (e.g., laminae, crests, fossae, concavities, etc) within 
Neosauropoda have not received yet a detailed study (Santucci and Bertini, 2006b). 
Therefore it is difficult to discern the taxonomic and phylogenetic diagnostic value of 
these structures. However, the concavities present in MPM PV 1156/4-5 may be related 
to some anatomic function (see below) which distinguishes MPM PV 1156 caudal 
materials from other titanosaurian sauropods.  The transverse process of the MPM PV 
1156/2 exhibits on the dorsal aspect a slightly marked groove. Thus, the same structure, 
although more pronounced, is present in MPM PV 1156/A. Therefore, the grooves may 
be a diagnostic caudal character, and its degree of development could represent some 
type of ontogenetic variation (see below). The angled craniodorsal borders of the middle 
caudal neural spines in MPM PV 1156 are strongly cranially inclined. The holotype of 
Epachthosaurus sciuttoi displays craniodorsal borders of the cranially inclined middle 
neural spines. However, they either reach or slightly surpass the margin of the cranial 
articular surfaces (pers. obs.). Therefore, the strongly oriented forward craniodorsal 
border of the middle neural spines may be another potential autapomorphic feature by 
MPM PV 1156. Santucci and Bertini (2006a) propose in the proximal caudal vertebra the 
presence of a stout prespinal lamina as a diagnostic feature of Adamantisaurus. Both 
laminae are strongly developed in the proximal section of MPM PV 1156. Therefore, 
either this feature may represent a synapomorphy by a broader titanosaurian group or it 
may represent an autapomorphy of MPM PV 1156.   
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The general morphology of the chevrons of MPM PV 1156 resembles most of the 
titanosaurids. However, the strong craniocaudal expansion of the distal blade is unique 
within Titanosauria. Nevertheless, the same expansion is present in the diplodocid 
sauropod Seismosaurus halli (Gillette, 1991; Figs. 9 and 10). Therefore, a strongly 
expanded distal blade may represent an autapomorphy within Titanosauria and a 
homoplastic character (i.e., a character independently acquired) within Neosauropoda. 
Phylogenetic implications 
MPM PV 1156 caudal materials display a combination of caudal characters that 
confirm its inclusion in Titanosauriformes, Titanosauria, and Titanosauridae 
(Lithostrotia), including neural arches in middle and distal caudal vertebrae cranially 
positioned (Salgado et al., 1997a, character 15),  procoelous proximal caudal centra 
(Salgado et al. 1997a, character 23, Wilson, 2002, character 3, pag.268) and proximal, 
middle and distal caudal centra strongly procoelous (Salgado et al., 1997a, character 23). 
Thus, the absence of a biconvex first caudal centrum excludes MPM PV 1156 from 
Saltasauridae (sensu Wilson, 2002, character 1, pag. 268). Likewise, the absence of 
depressed proximal caudal centra with dorsoventrally convex lateral faces as well as the 
lack of the ventral ridge excludes MPM PV 1156 caudal materials from Saltasaurinae + 
Saltasaurini (Salgado et al., 1997a and Bonaparte and Salgado, 2007). 
Opisthocoelicaudiinae is diagnosed for possessing thirty five or fewer caudal vertebrae, 
transverse processes which disappear by caudal 10, and first caudal neural spine with coel 
in lateral aspect (Wilson, 2002). Unfortunately, the total caudal number of MPM PV 
1156 is unknown; however, this synapomorphy which is shared for Alamosaurus and 
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Opisthocoelicaudia, may probably be related with the absence of complete caudal 
sequences. In MPM PV 1156 the transverse processes disappear by caudal 10 as in 
ophistocoelicaudiines. Moreover, MPM PV 1156/2-8 exhibit lateral coels or cavities near 
to the level of the postzygapophyses, which appear to be similar, although 
morphologically distinct, from those seen in Mendozasaurus.   
Therefore, in order to elucidate the relationships of MPM PV 1156 caudal 
materials within Titanosauria, a phylogenetic analysis was performed. The analysis was 
based on the matrix proposed for Calvo et al. (2007a). In the matrix the caudal characters 
of MPM PV 1156 (Appendix 3.1-3.2) just were coded. The preliminary phylogenetic 
results placed MPM PV 1156 (either in the Adams or strict consensus trees) in a 
polytomy with Epachthosaurus, plus Rapetosaurus, and Rinconsauria + Aeolosaurini 
(Fig. 3.54-3.55). The phylogenetic analysis, based on the caudal vertebrae, shows that the 
node formed for Muyelensaurus and Rinconsaurus (Rinconsauria according to Calvo et 
al., 2007a) is supported for the presence of the postzygapophyseal process, characters 
absent in MPM PV 1156. The node Aeolosaurus + Gondwanatitan (i.e., Aeolosaurini) is 
supported for the following apomorphic caudal features: middle caudal centra with the 
cranial face strongly inclined and cranially directed proximal caudal neural spines, 
characters which are not exhibited for MPM PV 1156. Moreover, MPM PV 1156 differs 
in several morphological aspects from those seen in either Epachthosaurus or 
Rapetosaurus. The relationship of MPM PV 1156 within Titanosauria is not fully 
resolved in this current analysis. However, the cladistic analysis shows that MPM PV 
1156 does not belong to the basal lithostrotian node formed by Mendozasaurus + 
Malawisaurus. Thus, MPM PV 1156 is not a member of the more derived nodes such as 
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Saltasaurinae and Saltasaurini. Therefore, preliminarily, MPM PV 1156 appears to be 
related to aeolosaurine and rinconsaurian titanosaurs, where the members of the former 
group may represent the close relatives of MPM PV 1156. Nevertheless, this inference 
does not necessarily support that MPM PV 1156 is a current member of Aeolosaurini (see 
below). Unfortunately, some of the recently discovered and re-named titanosaurian taxa 
have not been included and coded in phylogenetic analyses, particularly those from the 
Late Cretaceous of Brazil. Therefore, the cladistic relationship of these with MPM PV 
1156 cannot be tested. However, this current caudal comparison suggests that MPM PV 
1156 may be closely related to some of the Brazilian titanosaurs (e.g., Adamantisaurus, 
Baurutitan, Trigonosaurus, among others). 
Several cladistic analyses have been performed in recent years (e.g., Salgado et al. 
1997a; Upchurch, 1995, 1998; Wilson and Sereno, 1998, Wilson, 2002, Curry Rogers, 
2005, Calvo et al., 2007a, among others) in order to clarify the phylogenetic relationships 
of Sauropoda in general and Titanosauria in particular. Recently, Wilson and Upchurch 
(2009) based on a re-evaluation of the genus ―Tit n s urus”, suggest that the clade and 
the subsequent titanosaurian subclades which should be adopted are Titanosauria, 
Lithostrotia, Saltasauridae, Saltasaurinae and Opisthocoelicaudiinae. However, this 
suggestion is partially supported by other authors (e.g., Calvo et al., 2007a; Salgado, 
2003). Although some titanosaurian subclades are better supported than others (e.g., 
Saltasaurinae and Rinconsauria respectively) a revision of Titanosauria may be needed. It 
supports the occurrence of new taxa such as the Brazilian titanosaurs, some Argentinean 
taxa (e.g., Pitekunsaurus, Barrosasaurus, Salgado and Coria, 2009) as well as the 
complete skeleton of MPM PV 1156. The analysis and inclusion of these taxa plus 
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several other recently discovered may help to elucidate the relationships within 
Titanosauria. MPM PV 1156 caudal materials add potential new characters as well as the 
preliminary phylogenetic analysis based on the caudal vertebrae suggests that this 
Patagonian titanosaur may be related to Aeolosaurini or specifically in a broader 
titanosaurian node or group. However, the former does not share several synapomorphies 
with aeolosaurine titanosaurians such as Aeolosaurus and Gondwanatitan. 
Paleobiological implications 
Articulated structures, such as MPM PV 1156/2-18, always constitute an excellent 
opportunity to analyze paleobiology. Although, a detailed study of soft tissue 
implications will be performed in the following chapter, some of the paleobiological 
implications of this part of the axial skeleton are briefly analyzed. In the tail of 
archosaurians two main muscles are present (Gatesy, 1990; Otero and Vizcaino, 2008). 
These two muscles are the caudofemoralis brevis (CFB) and the caudofemoralis longus 
(CFL). The function of these muscles is to retract the limb (CFL + CFB) as well as to 
contribute to the long axis rotation and adductionof the leg (CFL; Otero and Vizcaino, 
2008). The CFB has its origin in the postacetabular ilium or first caudal vertebra and 
inserts on the fourth trochanter in the femur, whereas the CFL originates on the lateral 
surface of the proximal caudals and chevrons and inserts on the fourth trochanter.   MPM 
PV 1156/1-28 exhibits in its caudal morphology features which are related to the 
musculature in particular and in the soft tissue in general (e.g., ligaments and tendons). In 
this regard, the asymmetric concavities (MPM PV 1156/4-5), the grooves on the dorsal 
aspect of the transverse processes (MPM PV 1156/2 and MPM PV 1156/A), the 
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inclination and development of the lateral surfaces and the width of the ventral surfaces 
of the proximal caudal centra (MPM PV 1156/ 2- 8) are all caudal features correlated 
with soft tissue. Finally, in addition, the strong craniocaudally expanded proximal haemal 
arch distal blades (MPM PV 1156/Ch1 –Ch6) are another of the features that support the 
relationship between caudal morphology and in this particular case, musculature 
insertion. 
Is MPM PV 1156/A a juvenile representative of MPM PV 1156/1-28? 
The general caudal morphology of MPM PV 1156/A supports that this caudal 
fossil corresponds to the proximal section of the tail. For example, the procoelous 
condition and the caudal condyle dorsally placed, the inclination and development of the 
lateral surfaces and the presence of well developed transverse processes with grooves on 
the dorsal aspect, are all features that suggest a cranial position in the tail. However, 
MPM PV 1156/A does not insert in the articulated caudal sequence (MPM PV 1156/2-
17). Therefore, one of the most parsimonious explanations is to consider that MPM PV 
1156/A represents a juvenile specimen, probably of MPM PV 1156. If this suggestion is 
correct, there are several ontogenetic aspects to consider. In this regard, may be included, 
the increase of the procoelous state, the development of the lateral ventral surface and 
particularly the presence of a groove on the dorsal aspect of the transverse processes. 
This last feature is particularly interesting because it is a potential autapomorphy as well 
as for its degree of development. As mentioned above, MPM PV 1156/2 (First caudal of 
the articulated sequence) exhibits a groove in the dorsal aspect of the transverse 
processes. However, those seen in MPM PV 1156/A are more marked than in MPM PV 
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1156/2. Therefore, it may be suggested that in the early state (i.e., juvenile) the groove is 
strongly pronounced whereas in a later state (i.e., adult), the groove is less marked and it 
tends to close. Future studies, including histological and comparative, as well as the full 
preparation and analysis of MPM PV 1156 skeleton may or may not refute this 
hypothesis.  
Is MPM PV 1156/B1-4 a juvenile of MPM PV 1156/1-28  or Is MPM PV 1156/B1-4 a 
Titanosauriform sauropod? 
 MPM PV 1156/B1-4 were recovered associated. However, these caudal remains 
are approximately 80 meters from the main quarry containing the caudal material 
described and analyzed herein (MPM PV 1156/1-28/Ch1-13 + MPM PV 1156/A). 
Morphological comparisons with the caudal sequences of other titanosaurians, support 
that these materials are in the middle to distal section of the tail. Therefore a plausible 
explanation, is that a set of caudal materials belong to a juvenile of MPM PV 1156/1-28 
as potentially is the case of MPM PV 1156/A. This suggestion based on the incipient 
procoely, the strongly marked neural canal and the height of the neural arch in lateral 
view. All these caudal characters may represent an ontogenetic preceding step to the full 
development of strong procoely, a reduction of the height of the neural arch and therefore 
a diminution of the diameter of the neural canal, observed, for example, in the caudal 
remains of MPM PV 1156 which overlap with MPM PV 1156/B1-4. However, the 
general caudal morphology differs from that observed in the middle to distal caudal 
vertebrae of MPM PV 1156. Unfortunately, this last set of caudal materials is not well 
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preserved. Therefore, it is difficult to perform some of the comparative and potential 
histological studies in order to elucidate the ontogenetic age.  
Gonz lez Riga et al. (2008) recently described a new titanosauriform sauropod 
from the Late Cretaceous of Argentina, Malarguesaurus florenciae (IANIGLA PV-110). 
The holotype includes, among other materials, several well preserved caudal vertebrae. 
The caudal remains of Malarguesaurus (see Gonz lez Riga et al. 2008; Fig. 7, pag.8) 
which overlap with MPM PV 1156/B1 are comparable in having slightly procoelous 
centrum, which are as wide as high, with a circular to subcircular cranial surface and 
circular to subrectangular caudal one. Thus, the prezygapophyses are strongly 
craniodorsally directed and the neural arch, as in all titanosauriforms, is placed in the 
cranial half of the centrum.  The middle to distal caudal vertebrae of Malarguesaurus 
resembles those seen in MPM PV 1156/B1 in the presence of laterally high neural arch. 
Thus the middle to distal neural spines of Malarguesaurus are relatively depressed and 
craniocaudally elongated as the neural spine of MPM PV 1156/B1.  Gonz lez Riga et al. 
(2008) propose that being dorsally concave, in which its craniodorsal border is higher 
than the caudodorsal one, is a diagnostic feature for the distal neural spine of 
Malarguesaurus. This caudal character is clearly observable in MPM PV 1156/B1. 
Therefore, another of the parsimonious explanations is that MPM PV 1156/B1-4 belongs 
to an indeterminate somphospondylan titanosauriform, a suggestion which a priori is 
more supported, at least for morphological comparisons. Furthermore, if this assignation 
is correct, MPM PV 1156/B1-4 constitutes the southernmost record for somphospondylan 
titanosauriform sauropods. Future studies related to MPM PV 1156 may or may not 
support this potential taxonomic designation. 
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CONCLUSIONS 
 
MPM PV 1156/1-28 displays morphological caudal similarities which suggest its 
relationship to Aeolosaurini and several titanosaurian sauropods such as Adamantisaurus, 
Baurutitan, Pellegrinisaurus and Trigonosaurus. Thus, a set of potential autapomorphic 
features including concavities on the right side of the cranial articular surfaces in 
proximal caudal vertebrae, the presence of a groove in dorsal aspect of the proximal 
transverse processes and middle caudal neural spines with the craniodorsal border 
strongly cranially directed, are proposed. Likewise, the presence of strongly expanded 
distal blades in proximal chevrons is supported as an autapomorphy by MPM PV 1156. 
Thus, this last feature, probably related with the size, is a homoplastic character which 
appears independently at least two times within Neosauropoda. The presence of 
interzygapophyseal cavities (sensu Gonz lez Riga, 2003) in the proximal caudal 
vertebrae may be considered a potential synapomorphy for a more inclusive group, 
instead of an autapomorphy for Mendosazaurus, owing to the fact, that these cavities are 
present in the latter plus MPM PV 1156/1-8 and Adamantisaurus. The inclination and 
development of the lateral surfaces support the hypothesis proposed by Salgado and 
Garcia (2002) that the musculature is an important factor in the evolution of caudal 
morphology by the titanosaur sauropods. The presence in MPM PV 1156/A, a putative 
juvenile, of more marked groove than in MPM PV 1156/2 on the dorsal aspect of the 
transverse processes supports the ontogenetic plasticity of this feature. Thus, MPM PV 
1156/B1-4, potentially represents the southernmost fossil record of titanosauriform 
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sauropods.  The phylogenetic analysis does not permit fully resolved relationships of 
MPM PV 1156/1-28 within Titanosauria. However, the complete osteological 
codification of MPM PV 1156 and the inclusion of recently discovered taxa in addition, 
specifically those from Brazil, may be needed in order to resolve the still controversial 
phylogenetic relationships of Titanosauria.   
 Furthermore, the analysis of the caudal materials (MPM PV 1156/1-28/Ch1-13) 
reveals previously-unrecognized anatomical characters that enhance our understanding of 
evolutionary relationships within the clade. Finally, this study, based on caudal material, 
augments our understanding of the fauna of the Pari Aike Formation, and therefore our 
knowledge of the Late Cretaceous continental vertebrate assemblages of southern 
Patagonia. 
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Table 3.1: Titanosaurian taxa, age, horizon, and country. (*), indicate taxa include in the phylogenetic analysis. 
 
TAXON AGE FORMATION/GROUP COUNTRY 
Andesaurus delgadoi* Cenomanian Candeleros Argentina 
Malawisaurus dixeyi* Aptian Dinosaur Beds Malawi 
Epachthosaurus sciuttoi* Cenomanian - Turonian Bajo Barreal Argentina 
Mendozasaurus neguyelap* Turonian - Coniacian Rio Neuquen Argentina 
Paralititan stromeri Cenomanian Bahariya Egypt 
Futalognkosaurus dukei Turonian - Coniacian Portezuelo Argentina 
Aeolosaurus rionegrinus* Campanian - Maastrichtian Allen - Los Alamitos Argentina 
Gondwanatitan faustoi* Campanian - Maastrichtian? Adamantina Brazil 
Muyelensaurus pecheni* Turonian - Coniacian Portezuelo Argentina 
Pitekunsaurus macayai Campanian Anacleto Argentina 
Rinconsaurus caudamirus* Turonian - Coniacian Rio Neuquen Argentina 
Adamantisaurus mezzalirai Campanian - Maastrichtian? Adamantina Brazil 
Baurutitan britoi Maastricthian Bauru Brazil 
Trigonosaurus pricei Maastricthian Bauru Brazil 
Rapetosaurus krausei* Campanian Maevarano Madagascar 
Opisthocoelicaudia* 
skarzynskii Maastricthian Nemegt Mongolia 
Alamosaurus sanjuanensis* Maastricthian 
Kirtland - Javelina-Black 
Peaks United States 
Pellegrinisaurus powelli Campanian Anacleto Argentina 
Maxakalisaurus topai Campanian - Maastrichtian? Adamantina Brazil 
Uberabatitan ribeiroi Maastricthian Marilia Brazil 
Saltasaurus loricatus* Campanian?- Maastrichtian Lecho Argentina 
Neuquensaurus australis* Campanian Anacleto Argentina 
Rocasaurus muniozi* Campanian - Maastrichtian Allen Argentina 
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Table 3.2: Caudal vertebral measurements (cm) in MPM PV 1156/ 2-28. Numbers C1 to 
C18 reflect true anatomical position in the tail (articulate sequence). Numbers C19 to C28 
reflect relative position in the caudal series. (**) indicate where measurements could not 
be taken because of breakage or because the element was not preserved. 
 
Element 
Maximun 
Length Height 
Length without 
condyle 
Neural Spine 
 Height 
C2 29.5 33.2 13.2 31.1 
C3 31,3 27.2 19.1 27.9 
C4 29..2 13.5 19.5 24.1 
C5 26.5 13.6 16.8 20.4 
C6 29.3 26.1 20.5 20.4 
C7 29.1 22.2 19.3 19.8 
C8 27.2 25.1 20.4 17.1 
C9 29.5 21.1 20.2 14.6 
C10 29.1 20.1 20 12.2 
C11 25.3 20.2 18.7 13.1 
C12 26.1 18.3 19.2 12.5 
C13 26 17.8 21.2 12.2 
C14 26.1 18 19.5 11.5 
C15 24.5 17.2 19.1 8.5 
C16 25.1 16.5 19 12.3 
C17 24.6 15.7 19.4 11.5 
C18 22.5 15.2 18.1 10.2 
C19 21.6 12.7 18.9 7.8 
C20 23.5 11.2 18.5 ** 
C21 20.9 10.6 17.2 ** 
C22 20.1 11.2 16.9 2.8 
C23 21.1 9.5 19 3 
C24 20.6 10.2 18.1 4.2 
C25 18.3 10.7 14.5 ** 
C26 20.1 9.5 19 3.2 
C27 18.1 5.7 ** ** 
C28 20.2 6.8 ** ** 
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Table 3.3: As table 3.2. 
 
 
 
 
 
 
 
 
                 
 
 
 
 
 
 
Element 
Length of 
Prezygapophysis Element 
Length of 
Prezygapophysis 
C2 8.6   
C3 7.5 C13 15.2 
C4 12.2 C14 14.2 
C5 12.1 C15 12.6 
C6 12.9 C16 ** 
C7 13.9 C17 10.9 
C8 16.8 C18 10.2 
C9 16.1 C19 9.1 
C10 13.6 C20 7.9 
C11 ** C21 ** 
C12 15.1 C22 5.5 
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Table 3.4: As table 3.2. 
                
 
 
 
 
                 
 
 
 
 
 
 
 
  
  
 
Element 
Neural Spine Cranio- caudal 
length Transverse 
C2 12.5 8.1 
C3 14.1 7.2 
C4 16.1 7.2 
C5 15.2 6.1 
C6 16.5 3.8 
C7 16.4 3.4 
C8 17.1 3.5 
C9 14.2 3.5 
C10 19.1 2.8 
C11 14.2 2.4 
C12 16.1 2.5 
C13 15.1 1.8 
C14 15.9 1.6 
C15 14.5 1.3 
C16 15.1 1.2 
C17 14.5 1.3 
C18 15,8 1.1 
C19 ** ** 
C20 ** ** 
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Table 3.5: As table 3.2. 
Element 
Cranial articular surface  
Width 
Cranial articular surface 
 Height 
C2 28.5 36.2 
C3 25.2 32.5 
C4 23.2 30.1 
C5 23.1 29.5 
C6 22.1 26.2 
C7 22.1 24.4 
C8 28.2 20.5 
C9 22.3 21.1 
C10 21.4 19.5 
C11 20.1 20.2 
C12 19.8 18.7 
C13 18.6 18.1 
C14 17.5 18.5 
C15 17.7 18.1 
C16 14.2 16.3 
C17 14.3 16.1 
C18 14.1 14.9 
C19 9.5 11.2 
C20 ** 10.1 
C21 11.2 9.8 
C22 11.4 11.2 
C23 11.2 10.1 
C24 10.1 10.5 
C25 9.7 8.9 
C26 7.8 9.5 
C27 ** ** 
C28 ** ** 
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Table 3.6: Haemal arches measurements (cm) in MPM PV 1156/Ch1-Ch13. Numbers 
Ch1 to Ch13 reflect relative position in the tail. (*) and (**) indicate where 
measurements could not be taken because of breakage or because the element was not 
preserved. 
Element Maximun Length Distal blade width 
 Ch1* 40.3 9.1 
 Ch2* 41.2 ** 
Ch3 44.1 12.6 
Ch4 43.5 11.2 
Ch5 42.2 12.5 
Ch6 39.5 11.1 
   Ch7* 39.5 8.2 
   Ch8* 25.5 ** 
   Ch9* 25.9 ** 
     Ch10* 20.9 ** 
     Ch11* 20.5 ** 
     Ch12* 15.2 ** 
     Ch13* 9.7 ** 
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Figure 3.1: Location map of Pari Aike Formation. (*) indicate place of occurrence of the 
materials described herein. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.2: Field work picture of a portion of the articulate caudal sequence. 
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              Figure 3.3: MPM PV 1156/2-3 (A-B). In left lateral view. Scale: 10 cm. 
 
 
 
               
                  
 
 
 
  
 
 
 
Figure 3.4: MPM PV 1156/2-3 (A-B). In cranial view. Scale: 10 cm. 
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Figure 3.5: MPM PV 1156/2-3 (A-B). In caudal view. Scale: 10 cm. 
             
      
 
Figure 3.6: MPM PV 1156/4-5 (A-B). In right lateral view. Scale: 10 cm. 
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Figure 3.7: MPM PV 1156/4-5 (A-B). In cranial view. Scale: 10 cm. 
 
 
Figure 3.8: MPM PV 1156/4-5 (A-B). In caudal view. Scale: 10 cm. 
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                  Figure 3.9: MPM PV 1156/6-7 (A-B). In left lateral view. Scale: 10 cm. 
 
 
Figure 3.10: MPM PV 1156/6-7 (A-B). In cranial view. Scale: 10 cm. 
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Figure 3.11: MPM PV 1156/6-7 (A-B). In caudal view. Scale: 10 cm. 
 
 
 
Figure 3.12: MPM PV 1156/8-9 (A-B). In left lateral view. Scale: 10 cm. 
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                Figure 3.13: MPM PV 1156/8-9 (A-B). In cranial view. Scale: 10 cm. 
 
 
               
               Figure 3.14: MPM PV 1156/8-9 (A-B). In caudal view. Scale: 10 cm. 
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        Figure 3.15: MPM PV 1156/10-11 (A-B). In left lateral view. Scale: 10 cm. 
 
 
                 
Figure 3.16: MPM PV 1156/10-11 (A-B). In cranial view. Scale: 10 cm. 
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Figure 3.17: MPM PV 1156/10-11 (A-B). In caudal view. Scale: 10 cm. 
 
 
 
 
Figure 3.18: MPM PV 1156/12-13 (A-B). In left lateral view. Scale: 10 cm. 
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Figure 3.19: MPM PV 1156/12-13 (A-B). In cranial view. Scale: 10 cm. 
 
 
 
Figure 3.20:  MPM PV 1156/12-13 (A-B). In caudal view. Scale: 10 cm. 
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Figure 3.21: MPM PV 1156/14-15 (A-B). In left lateral view. Scale: 10 cm. 
 
 
 
 
Figure 3.22: MPM PV 1156/14-15 (A-B). In cranial view. Scale: 10 cm. 
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Figure 3.23: MPM PV 1156/14-15 (A-B). In caudal view. Scale: 10 cm. 
 
 
 
Figure 3.24: MPM PV 1156/16-17-18 (A-B-C). In left lateral view. Scale: 10 cm. 
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Figure 3.25: MPM PV 1156/16-17-18 (A-B-C). In cranial view. Scale: 10 cm. 
 
 
 
Figure 3.26: MPM PV 1156/16-17-18 (A-B-C). In caudal view. Scale: 10 cm. 
221 
 
 
 
 
Figure 3.27: MPM PV 1156/19-20-21 (A-B-C). In left lateral view. Scale: 5 cm. 
 
 
 
Figure 3.28: MPM PV 1156/19-20-21 (A-B-C). In cranial view. Scale: 5 cm. 
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Figure 3.29: MPM PV 1156/19-20-21 (A-B-C). In caudal view. Scale: 5 cm. 
 
 
 
 
Figure 3.30: MPM PV 1156/22-23-24 (A-B-C). In left lateral view. Scale: 5 cm. 
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Figure 3.31: MPM PV 1156/22-23-24 (A-B-C). In cranial view. Scale: 5 cm. 
 
 
 
 
Figure 3.32: MPM PV 1156/22-23-24 (A-B-C). In caudal view. Scale: 5 cm. 
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Figure 3.33: MPM PV 1156/25-26 (A-B). In left lateral view. Scale: 5 cm. 
 
 
 
 
Figure 3.34: MPM PV 1156/27-28 (A-B). In left lateral view. Scale: 5 cm. 
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Figure 3.35: MPM PV 1156/Ch1-Ch2 (A-B). In cranial view. Scale: 10 cm. 
 
 
 
 
Figure 3.36: MPM PV 1156/Ch1-Ch2 (A-B). In left lateral view. Scale: 10 cm. 
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Figure 3.37: MPM PV 1156/Ch3 (A). In cranial view. Scale: 10 cm. 
 
 
 
 
Figure 3.38: MPM PV 1156/Ch3 (A). In left lateral view. Scale: 10 cm. 
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Figure 3.39: MPM PV 1156/Ch4 (A). In cranial view. Scale: 10 cm. 
 
 
 
Figure 3.40: MPM PV 1156/Ch4 (A). In left lateral view. Scale: 10 cm. 
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Figure 3.41: MPM PV 1156/Ch5-Ch6-Ch7 (A-B-C). In cranial view. Scale: 10 cm. 
 
 
 
 
Figure 3.42: MPM PV 1156/Ch5-Ch6-Ch7 (A-B-C). In right lateral view. Scale: 10 cm. 
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Figure 3.43: MPM PV 1156/Ch8-Ch9-Ch10-Ch11 (A-B-C-D). In cranial view.Scale:  
10 cm. 
 
 
 
Figure 3.44: MPM PV 1156/Ch8-Ch9-Ch10-Ch11 (A-B-C-D). In left lateral view. Scale: 
10 cm. 
230 
 
 
 
 
Figure 3.45: MPM PV 1156/Ch12-Ch13 (A-B). In cranial view. Scale: 5 cm. 
 
 
 
 
Figure 3.46: MPM PV 1156/Ch12-Ch13 (A-B). In left lateral view. Scale: 5 cm. 
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Figure 3.47: MPM PV 1156/A1. In left lateral view. Abbreviations: GR, groove. Scale: 
5cm 
 
 
Figure 3.48: MPM PV 1156/B1 (A). In left lateral view. Abbreviations: CC, caudal 
condyle; NS, neural spine; POZ, postzygapophysis; PRZ, prezygapophysis. Scale: 5 cm. 
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Figure 3.49: MPM PV 1156/2-3 (A-B). In left lateral view. Abbreviations: CC, caudal  
condyle; NS, neural spine; POSL, postspinal lamina; POZ, postzygapophysis, PRSL, 
prespinal lamina; PRZ, prezygapophysis; SPOL, spinopostzygapophyseal lamina; TP, 
transverse process. Scale: 10 cm. 
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Figure 3.50: MPM PV 1156/8-9 (A-B). In left lateral view. Abbreviations: NS, neural 
spine; POZ, postzygapophysis, PRZ, prezygapophysis; RM, rim; TP, transverse process. 
Scale: 10 cm. 
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Figure 3.51: MPM PV 1156/14-15 (A-B). In left lateral view. Abbreviations: NS, neural 
spine; POZ, postzygapophysis, PRZ, prezygapophysis; RM, rim. Scale: 10 cm. 
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Figure 3.52: MPM PV 1156/16-17-18 (A-B-C). In left lateral view. Abbreviations: NS, 
neural spine; POZ, postzygapophysis, PRZ, prezygapophysis. Scale: 10 cm. 
 
 
 
 
 
Figure 3.53: MPM PV 1156/19-20-21 (A-B-C). In left lateral view. Abbreviations: NS, 
neural spine; POZ, postzygapophysis, PRZ, prezygapophysis. Scale: 5 cm. 
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Figure 3.54: Hypothesized phylogenetic relationship between MPM PV 1156 and other 
sauropods. Shown is the Adams consensus tree. 
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Figure 3.55: Hypothesized phylogenetic relationship between MPM PV 1156 and other 
sauropods. Shown is the strict consensus cladogram resulting from this current analysis. 
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Appendix 3.1 
32) First caudal vertebrae, type: platycoelous (0); procoelous (1); opisthocoelous (2); 
biconvex (3) 
33) Wide and deep interzygapophyseal cavity in caudal vertebrae: absent (0); present (1) 
34) Caudal transverse processes: disappear by caudal 15 (0); disappear by caudal 10 (1) 
35) Anterior and middle caudal centra, proportions: as high as wide (0); depressed, wider 
than high (1) 
36) Mid caudal centra with the anterior face strongly inclined anteriorly: absent (0); 
present (1) 
37) Articular face shape on anterior caudal centra: non-procoelous (0); slightly 
procoelous (1); strongly procoelous with prominent condyles (2) 
38) Articular face shape on middle caudal centra: non-procoelous (0); slightly procoelous 
with reduced condyles (1); strongly procoelous with prominent condyles (2) 
39) Neural arch in anterior caudal vertebrae: placed in the middle of the centrum (0); 
anteriorly (1); on the anterior border (2) 
40) Anterodorsal border of neural spine in middle caudal vertebrae located posteriorly 
with respect to anterior border of the postzygapophyses: absent (0); present (1) 
41) Anteriorly directed anterior caudal neural spine: absent (0); present (1) 
42) Shape of the section of the neural spine in most anterior caudal vertebrae in dorsal 
view: axially elongated (0); transversaly elongated (1); quadrangular (2) 
43) Neural spine in middle caudal vertebrae, shape: short anteroposteriorly (0); laminated 
and anteroposteriorly elongated (1) 
44) Length proportions of prezygapophyses with respect to the centrum length in middle 
caudal vertebre: shorter than 50% (0); between 40% and 50% (1); longer than 50% (2) 
45) Ventral depression divided by a longitudinal septum in anterior and middle caudal 
vertebrae: absent (0); present (1) 
46) Postzygapophyseal process in middle caudal vertebra: absent (0); present (1) 
47) Well developed iterprezygapophyseal lamina in middle caudal vertebrae: absent (0); 
present (1) 
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Appendix 3.2 
Camarasaurus  
00000000000000000000000000000000000000000000000000000000000000000 
Brachiosaurus  
00010001101000001001010010000000000000100000000000000000001011100 
Chubutisaurus  
????????????????????????2?0001?0??00001?????0???00????0??????111? 
Andesaurus  
?????????????????????1?0111011?0?00010100010000?0?????1110???01?? 
Malawisaurus  
???????210?11000?00??1?0211111??100020100?11000???1110??10?????11 
Mendozasaurus  
????????????1010?122?10?2??111?1100021100111000101111?1??????0111 
Epachthosaurus  
?????????????????????11121101111?0002210001100010111??11??111011? 
Rapetosaurus   
1110111212201000100?11112111111?00002210010?000101110??11011101?1 
Lirainosaurus  
???????21????????????1?1211111?11?0022100000000?01?101???????01?1 
Rinconsaurus  
???????211?010001011?1112111111???00221001010111011101111111101?? 
Muyelensaurus  
1110111211?11000?011?1112111111?0?0022100201011101110?1111111011? 
Gondwanatitan  
?????????????????????11121111111???122201002001?0???????0111???1? 
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Appendix 3.2 
Aeolosaurus  
???????212???????????1??2??????30?0122201102001?01?10?1101????11? 
Opisthocoelicaudia 
????????????????????10112101111211000010020000011111011111111011? 
Alamosaurus 
???????2?2?010001001?1?12001111311002210020000010111111112111011? 
Neuquensaurus 
???????????011001012?111211111131?102211020000010111011?12111?111 
Saltasaurus 
1?10010212?001011012?111211111110?1022110200100112110111121110111 
Rocasaurus 
?????????????????01??111211111????1022110?00100????????112111?1?? 
MPM  
???????????????????????????????1110022200012001?????????????????? 
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CHAPTER 4: THE INFLUENCE OF SOFT TISSUES ON THE 
TITANOSAURIAN CAUDAL VERTEBRAE: MORPHOLOGICAL AND 
PHYLOGENETIC IMPLICATIONS 
 
 
ABSTRACT 
 
Titanosauria is the most abundant and taxonomic diverse group within Macronaria. 
Therefore, the former, constitutes one of the best sauropod groups sampling for the 
reconstruction of soft tissue using the Extant Phylogenetic Bracket approach. Although 
the skeletal fossil record of titanosaurian sauropods is well represented, one of the most 
abundant materials are the caudal vertebrae. Therefore, the well known caudal sequences 
of Andesaurus delgadoi, Epachthosaurus sciuttoi, MPM PV 1156 and Neuquensaurus 
australis represent excellent taxa for the reconstruction of soft tissue and their 
implications for the morphology, phylogeny and morpho-functional patterns of 
titanosaurids. All these aspects were analyzed and inferred for these particular sauropods 
as well as for Titanosauria as a whole. Therefore, based on the soft tissue implications, 
three morpho-type were proposed and phylogenetic and morpho-functional patterns were 
inferred and proposed for Titanosauria. 
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INTRODUCTION 
 
 Sauropod dinosaurs reached body sizes never since achieved or surpassed by any 
living or extinct terrestrial animal (McIntosh, 1990; Sereno, 1997; Powell, 2003; Hone et 
al., 2005). The evolutionary increase of sauropod body sizes entailed a reversal to 
quadrupedalism from the bipedality exhibited by basal dinosaurs (Sereno, 1997) and a 
reorganization of the sauropod body plan (Dodson, 1990; Wilson and Carrano, 1999; 
Wedel et al., 2000, 2003; Powell, 2003; Bonnan, 2004; Wilson, 2005). In this body 
reorganization, the tail and its soft tissues must have been an important evolutionary 
factor. Skeletal elements throughout the macronarian tail possess a complex of highly 
variable characters. Titanosaurians, largely because of their diversity and comparative 
abundance, constitute one of the best samples in which to evaluate the relationship 
between soft tissues and morphological patterns within Titanosauria. 
 The Extant Phylogenetic Bracket (Witmer, 1995) of Sauropoda includes Crocodylia, 
which retains many ancestral archosaurian traits, and Aves, which exhibits numerous 
derived traits [(Hutchinson, 2001); Fig. 4.1]. Dinosaurs present features throughout their 
skeletons that are osteological correlates of rarely preserved or unpreserved soft-tissues 
including tendons, ligaments, muscles, and cartilage. These correlates typically take the 
form of scars or traces on the bones.  
 Soft-tissues such as muscles, tendons, and ligaments certainly played an important 
role in the morphological evolution of dinosaurs, and titanosaurian sauropods are no 
exception. The M. caudofemoralis longus, the largest and one of the most important 
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caudal muscles, in tandem with the M. caudofemoralis brevis, must be considered in any 
attempt to understand the evolution of caudal vertebral function and morphology in 
titanosaurids (Salgado and Garcia, 2002). Of course, intact muscle has not been preserved 
in any non-avian dinosaur. Consequently, the morphology of such muscles, like most 
aspects of dinosaur biology, cannot be observed directly but must be reconstructed with a 
variety of inferential and often speculative approaches (e.g., Bryant and Seymour, 1990; 
Farlow, 1987; Farlow et al., 1995; Witmer, 1995,1997). Thankfully, the scars, cavities 
and fossae that are typically the only remaining direct evidence of muscle, tendon, and 
ligament insertions and attachments in fossil vertebrates constitute a rich source of 
information that enables greater paleobiological understanding. Evidence of unpreserved 
soft-tissue on the caudal vertebrae provide an opportunity to analyze and interpret the 
influences of such tissues on the caudal series in titanosaurian sauropods. 
 Caudal vertebrae are an important structure within the axial skeleton, useful for 
interpreting associated soft-tissues as well as whether or not such tissues influenced the 
morphology of these bones. As mentioned above, Witmer (1995) and subsequently many 
other authors have interpreted the role that soft-tissues played within non-avian 
Dinosauria. Moreover, although no rigorous analysis has yet been performed, Salgado 
and Garcia (2002) mentioned the important role that musculature may have played in the 
evolution of titanosaurian caudal morphology. Therefore, an interpretative study of soft-
tissues constitutes an excellent opportunity to gain insight into the morphology and 
evolution of the caudal series within Titanosauria. 
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 Multiple studies have used morphological characters to interpret sauropod 
morphology and phylogeny, as well as other aspects of the paleobiology of these 
dinosaurs in particular and dinosaurus in general (e.g.  arrano, 1998, 2000,   arrano and 
Hutchinson, 2002; Gatesy, 1990; Hutchinson, 2001 and Otero and Vizca no, 2008, among 
others). Moreover, in recent years, several works have attempted to reconstruct 
unpreserved soft-tissues in extinct taxa, and the consequent implications of these tissues 
for the paleobiology of the organisms in question (Schwarz et al., 2009; Schwarz, 2009). 
Along these lines, a detailed analysis of caudal skeletal characters and bony soft-tissue 
correlates of taxa within Titanosauria will enhance our understanding of the still-
controversial evolution and paleobiology of this sauropod group. Furthermore, an 
interpretative study of titanosaurian caudal soft-tissues constitutes an excellent 
opportunity to understand the influence of these tissues on the morphology of the caudal 
series within this sauropod clade, what selective pressures may have driven 
morphological changes, and possible phylogenetic patterns that these modifications may 
have followed.   
MATERIALS AND METHODS 
 
 The study and interpretation of soft-tissues in extinct taxa is a discipline of 
paleontology that has seen expansive growth in the last several years. Witmer (1995) 
outlined a then-novel technique, the Extant Phylogenetic Bracket (EPB) method, to make 
anatomical inferences regarding unpreserved soft-tissues in extinct organisms. EPB is 
based on anatomical comparisons of homologous structures, and as applied to non-avian 
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dinosaurs, works with the two extant archosaur clades, Crocodylia and Aves. This 
method has been successfully employed by several other authors (e.g., Hutchinson, 2001, 
2002; Jasinoski et al., 2006; O‘ onnor, 2006; Organ, 2006; Schwarz, 2009, among 
others).  
Institutional Abbreviation - MPM PV; Museo Provincial ―Padre Manuel Jes s Molina‖ 
 olecci n Paleovertebrados, R o Gallegos, Santa Cruz, Argentina. MCS; Museo 
Regional  inco Saltos, Neuqu n, Argentina. MUCP Pv; Museo de Geolog a y 
Paleontolog a, Universidad Nacional del  omahue, Neuqu n, Argentina. UNPSJB Pv; 
Universidad Nacional de la Patagonia ―San Juan Bosco‖  olecci n Paleovertebrados, 
Comodoro Rivadavia, Chubut, Argentina. 
Materials – MPM PV 1156/2-18, an articulate caudal sequence, which includes the 
proximal and the middle section of the tail. In addition to these new caudal materials, the 
following titanosaurian sauropod caudal series are herein analyzed. MCS, an articulated 
partial skeleton, including 15 caudal vertebrae. MUCP Pv, a partially articulated skeleton, 
including 27 caudal vertebrae. UNPSJB Pv, a partially articulated skeleton, including 29 
caudal vertebrae. 
Phylogenetic framework of muscular inferences 
 The anatomical framework was provided by detailed observations of extant 
archosaurus. The data for soft tissue influence was based on several dissections including 
two specimens of Alligator mississippiensis (Figs. 4.2; 4.3). Thus, two representatives of 
Lepidosauria such as Cyclura cornuta (―Rhino Iguana‖) and Iguana iguana [(―Green 
246 
 
 
 
Iguana‖); Figs. 4.4; 4.5] were dissected. Moreover, the soft tissue information of 
Neornithes was taken directly for the literature. 
The Extant Phylogenetic Brachet approach (Witmer, 1995, 1997) allows 
hypotheses about the soft tissue relationship in extinct taxa. Therefore, based on 
osteological correlates of the soft tissues in fossil taxa encompassed by the bracket, the 
speculation is decreased to a minimum (Witmer, 1995). Thus, Witmer (1995), proposed 
three levels of inference, depending on if the traits are in both ends, in one or in any of 
the bracket ends.  ccording to this, the levels are: Level I‘, decisive and positive; Level 
II‘, equivocal and Level III‘, decisive and negative.  
Archosaurian tail: Musculature nomenclature, insertion and function (Tables, 4.1; 
4.2) 
In the tail of living archosaurians two hypaxial muscles are present, the M. 
caudofemoralis longus (CFL) and the M. caudofemoralis brevis (CFB) (Frey et al., 1989; 
Gatesy, 1990, 1995, 1997; Hutchinson et al., 2005). Nevertheless, this nomenclature is 
used in the extant ―basal‖ bracket of  rchosauria (i.e.  rocodylia). In the ―derived‖ 
extant bracket, Aves, when these muscles are present, the muscle homologues are: M. 
caudofemoralis pars pelvic (CFP=CFB) and M. caudofemoralis pars caudalis (lateralis) 
(CFC=CFL)(Gangl et al., 2004; Otero and Vizca no, 2008). Thus, the insertion and origin 
of these muscles are different, if it is referred to Crocodylia or Aves. This difference 
related mainly for the morphology of the tail (i.e. the presence of pygostyle and the 
caudal vertebrae fusion in the latter) in addition to the morphological changes of the 
fourth trochanter in the line of birds. In crocodilians, because of the loss of the internal 
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trochanter present in lepidosaurs, the fourth trochater constitutes the osteological mark of 
insertion for the caudofemoralis musculature (CFB + CFL)(Gatesy, 1990). The CFB 
originates from the last sacral, the lateral surface of the postacetabular ilium and the first 
caudal vertebrae (Hutchinson, 2002; Otero and Vizca no, 2008). The longest muscle in 
the tail, the CFL originates from the proximal caudal vertebrae. The homologues 
muscles, when present, in birds such as the M. caudofemoralis pars pelvica (CFP) and 
the M. caudofemoralis pars caudalis (lateralis) (CFC) insert in different osteological 
correlates. For example, in Struthio camelus (the African ostrich), the CFC inserts in the 
medial surface of the muscular belly of the Caput caudale partis pelvicae (Gangl et al., 
2004). On the other hand, the CFP inserts in the Caput cranial (Gangl et al., 2004). The 
CFC originates ventrolaterally in the first four caudal vertebrae, whereas in the CFP, the 
origin is on the postacetabular portion of the ilium. Nevertheless, the insertion and the 
origin appear to be slightly different among the taxa, for example, in Pica pica (black-
billed magpie), the CFC, originates in a narrow tendon from the lateroventral surface of 
the pygostyle. Thus, this muscle inserts tendinously on the caudolateral surface of the 
femur (Verstappen et al., 1998). However, either in the latter or in the African ostriches, 
the locomotory system is adapted for two different purposes (i.e. for flying and for 
walking or running respectively). Moreover, in Numida meleagris the CFC originates 
from the connective tissue on the ventral surface of the pygostyle and it inserts, by a 
tendon, on the caudal face of the femur as in Pica pica (Gatesy, 1999). The same author 
mentioned that the CFP originates from the lateral aspect of the ilium and ischium, 
inserting in the posterolateral section of the proximal femoral shaft. However, birds in 
general, lack the broad and well marked bony process by the origin and insertion of these 
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muscles, present in crocodilians and lepidosaurs, as the case of some extant avian taxa 
(e.g. Numida meleagris =‖guineafowl‖; Gatesy, 1990) 
The function of the CFB in crocodilians contributes to limb retraction, whereas 
the CFL also promote the limb retraction as well as to the long axis rotation and 
adduction of the leg (Gatesy, 1995; Otero and Vizca no, 2008). Thus, these muscles 
probably contribute to move the tail laterally (Schwarz et al., 2009). Conversely, the 
function of these muscles, when present, in birds is different to those interpreted in 
crocodilians. In birds, the role of the tail as a whole change due to the acquisition of the 
ability of the latter for flying (Gatesy, 1995). In addition, the reduction of the tail length 
due to the reduction of the number of caudal vertebrae as well as the fusion of the distal 
caudal vertebrae into the pygostyle, directly affects the development and function of the 
caudal musculature (Hutchinson and Gatesy, 2000).  Therefore, the main function of the 
caudal musculature is the control of tail feathers (e.g. rectrices)(Gatesy, 1995; Gatesy and 
Dial, 1996). Moreover, at least in guineafowl, the caudal musculature has a coactivation 
function of the hamstring and the quadricep musculature during walking (Gatesy, 1995). 
Finally, the acquisition of flying, evolutionarily affects the tail, which may decouple the 
morphological and functional relationship between the hindlimb and trunk (Gatesy and 
Dial, 1996). Conversely, in crocodilians, the tail is functionally connected with the 
hindlimb and therefore, it is not freed to acquire a specific caudal flight surface control as 
in the case of birds.  
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Tail musculature: related muscles 
Although, this current work is encompassed in the Extant Phylogenetic Bracket 
(EPB), the ―basal‖ bracket (cocodrilians) is the best living relative model for dinosaurs. 
This is supported when, particularly, the aim is to analyze the morpho-functional aspects 
of the tail in titanosaurian sauropods. Dodson (2003) mentioned the important role of 
alligators, crocodilians and their relatives, when the objective is to elucidate the biology 
in dinosaurs. Therefore, the brief review of the related muscles of the tail is based on this 
group of reptilians. 
Two muscles are epaxially positioned in the tail of crocodilians. These muscles 
and groups are the M. transversospinalis group and the M. longissimus dorsi. These 
muscles are parallel and separated by the intermusculare dorsi septum. The former is sub-
dived into four sub-units (Schwarz, 2009). Thus, both muscles attach to the ligamentum 
cingulatum as well as the internal surface of their corresponding osteoderms (Schwarz, 
2009). The M. longissimus dorsi originates in the aforementioned ligamentum and 
osteoderms and also from the caudal edge of the transverse processes and the 
craniomedial aspect of the ilium (Organ, 2006). Thus, this muscle inserts in the dorsal 
surface of the transverse processes. In the M. transversospinalis, their four sub-units, 
originate mainly in the cranial and craniodorsal edges of the neural spines and insert in 
the neural arches (including neural spines and zygapophyses)(Schwarz, 2009). Moreover, 
either the Ms. transversospinalis or longissimus dorsi are tendinously, myoseptically and 
aponeurotically inserted and originated. The homologues in Aves for these two epaxial 
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tail muscles are, the M. longus colli dorsalis, pars thoracica and M. iliocostalis 
respectively (Tsuihiji, 2005; Organ, 2006).  
 
DESCRIPTION 
 
Titanosaurian sauropods: Caudal vertebrae 
As mentioned above, titanosaurian sauropods are one of the most important 
groups within Macronaria, due of their taxonomic diversity and their geographical 
distribution. Thus, the postcranial osteology of this sauropod subgroup is particularly 
well-known. The fossil record of the caudal vertebrae is abundant, hence, in some of the 
most recent discoveries (Campos et al., 2005; Kellner et al., 2005; Santucci and Bertini, 
2006a) the taxonomic determination was based on this section of the axial skeleton (e.g. 
Kellner et al., 2005 and Santucci and Bertini, 2006a). However, articulated complete or 
nearly complete caudal series are not frequently recovered. Nevertheless, the case of 
MPM PV 1156 (Lacovara et al., in prep) Andesaurus delgadoi (MUCP Pv, Calvo and 
Bonaparte, 1991) and Neuquensaurus australis (MCS; Lydekker, 1893; Salgado et al., 
2005), in which, at least, the proximal and middle section of the tail is present, and fully 
or partially articulate, constitute an excellent opportunity to evaluate the influence of soft 
tissue on this part of the axial skeleton. 
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The phylogenetic relationships within Titanosauria still are controversial (see; 
Salgado et al., 1997, Upchurch, 1995, 1998; Wilson and Upchurch, 2003; Curry Rogers, 
2005; Calvo et al., 2007). However, the phylogenetic positions of these titanosaurian taxa 
are well supported. Regarding this, Andesaurus is placed as the basalmost representative 
of Titanosauria (Andesauroidea, according to Salgado, 2003), whereas Neuquensaurus is 
placed as a derived titanosaurus (i.e. within Saltasaurinae). Although, the cladistic 
position of MPM PV 1156 still is unsolved (see Chapter III), morphological caudal 
characters strongly support that MPM PV 1156 is neither a basal titanosaurian nor a 
derived titanosaurus. Therefore, these three taxa, which were directly observed in their 
respective institutions, represent a significant caudal vertebrae model in order to test the 
influence of the soft tissues in their morphology as well as in interpreting the 
phylogenetic implications.  
Andesaurus delgadoi (Calvo and Bonaparte, 1991) 
The proximalmost caudal centra of Andesaurus are amphicoely-distoprocoelous 
(i.e. cranial articular surfaces are concave and caudal articular surfaces are slightly 
procoelous). The centra are relatively compressed cranicaudally. The centra are narrow 
dorsoventrally, particularly in the proximal section of the tail (i.e. ―V- shaped‖). In the 
cranialmost caudal vertebra, a deep and well marked asymmetric foramen is present 
(pers. obs.). The neural arches are located on the anterior portion of the centra. The 
transverse processes are caudally projected, as well as increase in size through the 
proximal caudal section of the tail. Although, the neural arches are partially preserved in 
Andesaurus, the prezygapophyses are dorsocranially oriented and they become distally, 
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cranially projected. In the distalmost proximal caudal vertebrae, the postzygapophyses 
are subcircular in outline and their margins either slightly reach or gently surpass the 
caudal articular surfaces. The transverse processes are small and they are located below 
the centra junction. Thus, the lateral surfaces of the centra are relatively high. The 
slightly caudally oriented neural spines are wider cranicaudally than transversally. 
 As other middle caudal vertebrae sequences, in Andesaurus the centra increase their 
craniocaudal length as they decrease their dorsoventral high. The quadrangular to 
subquadrangular centra in lateral view, are amphiplatyan. One of the features which 
distinguished or characterized Andesaurus from the rest of titanosaurians is the presence 
of a rudimentary transverse process through the middle caudal sequence preserved. The 
neural arches are located in the anterior halves of the centra, but not in the cranial 
borders. Laterally, the neural arches are tall. The cranially projected prezygapophyses are 
relatively long, however, less than those observed in the more derived titanosaurus (e.g. 
aeolosaurines). The postzygapophyses are circular to subcircular in contour and their 
margins are behind the caudal articular surfaces. The neural spines are wider 
cranicaudally than transversally as in the proximal caudal counterpart. However, they are 
caudally oriented and the proximal ends are slightly concave. The preserved haemal 
arches of Andesaurus resembles those of all macronarians in having  dorsally open 
chevrons (i.e. without dorsal bridges or ―crus‖). The proximalmost chevrons are ―Y-
shaped‖ and the distal ends are gently expanded cranicaudally. The haemal canals occupy 
about the 50% of the total length. The distalmost chevrons are ―V- shaped‖ and the 
haemal canal opening occupies almost the total length of the chevrons. 
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MPM PV 1156/2-18 
 Although a detailed morphological caudal analysis was performed in Chapter III, 
some of the most significant morphological aspects in the proximal and middle caudal 
vertebrae are herein described. The proximal and middle centra of the articulate sequence 
are all procoelous, however the size and the position of the caudal condyles change 
through the sequence. For example, in MPM PV 1156/2 to 14 the caudal condyle is 
dorsally positioned whereas the rest of the articulate sequence is somewhat centrally 
located. The lateral faces height decreases caudally. The lateral surfaces of MPM PV 
1156/4 -5 are inclined dorsoventrally, resulting in narrow ventral surfaces, whereas in 
MPM PV 1156/ 6 – 7, the primary lateral surface (sensu Salgado and Garc a, 2002) is 
restricted to the ventral portion of the centrum. The short transverse processes are robust 
and caudally projected. In the articulate caudal sequence, they disappear in the caudal 
vertebra nine (MPM PV 1156/9) whereas in MPM PV 1156/10 just a vestige of the 
transverse processes are observed.  In MPM PV 1156/ 2 and MPM PV 1156/ 3, the 
transverse processes are placed on the base of the neural arch and they positionally 
migrate in the subsequent caudals (MPM PV 1156/4-5-6-8) to the middle line of the 
lateral surface. The prezygapophyses are relatively short and robust in the proximal 
caudal vertebrae (MPM PV 1156/2-3-4-5-6-7) whereas in MPM PV 1156/8 to 15, they 
are longer and more slender than the proximal cranial zygapophyses. Thus, well-marked 
―rims‖ on the lateral aspect of the prezygapophyses are present in MPM PV 1156/8 to 15. 
The cranially positioned neural arches occur though the majority of the articulate caudal 
sequence, however, in MPM PV 1156/12-17, the neural arch is slightly more back than in 
the rest of the articulated caudals. The lamination condition is strongly marked in the 
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proximal neural spines, including the prespinal, postspinal as well as the 
spinoprezygapophyseal and spinopostzygapophyseal laminae. However, in MPM PV 
1156/8-9, the well marked laminae, particularly the spinozygapophyseal, decrease in 
tandem with the reduction of the height and morphological changes of the neural spines. 
With the regard of the morphological changes of the neural spines the dorsoventral height 
decrease, particularly between MPM PV 1156/7 and MPM PV 1156/8. Likewise, in 
addition to that, in this section of the tail, the neural spine shows strong transversal 
reduction (i.e. they are more laminate in shaped) as well as the craniodorsal border 
pointed more cranially.  In MPM PV 1156/16, the cranial projection of the craniodorsal 
border changes, therefore, in this caudal vertebra and in the subsequent articulated caudal 
elements (MPM PV 1156/17-18), the dorsal border of the neural spines points caudally. 
 The general basic caudal morphology of the above described elements shows strong 
similarities, however, some of the proximal caudal vertebrae exhibit some features which 
distinguish each caudal remains. For example, MPM PV 1156-2, in the dorsal aspect of 
the transverse processes shows slightly marked grooves. Thus, gently bellow of the 
postzygapophyses, a pronounced fossa or concavity is present. MPM PV 1156/ 4 exhibits 
an asymmetric concavity in the right side of the cranial articular surface as well as several 
foramens on the lateral face. The fossa abovementioned is also present in MPM PV 1156/ 
5, however, in this caudal element the fossa is at the level of the postzygapophyses. With 
the regard to MPM PV 1156/ 5 the asymmetric concavity on the right side of the cranial 
articular surface is present, however less marked than in MPM PV 1156/ 4. Thus, either 
in MPM PV 1156/6 or MPM PV 1156/7 the fossa, located at the level of the 
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postzygapophyses can be observed, nevertheless, the size decreases in these last caudal 
vertebrae. 
 The general morphology of the haemal arches resembles those seen in other 
titanosaurian sauropods. However, the proximal chevrons recovered by MPM PV 1156 
exhibit strong well marked distal craniocaudally expanded bony blades. These caudal 
features are unique within Titanosauria. 
Neuquensaurus australis (Lydekker, 1983) 
 The proximal caudal centra of Neuquensaurus are strongly procoelous (i.e. well 
marked cranial ―socket‖ and caudal ―ball‖). Thus, the caudal centra are cranicaudally and 
dorsoventrally compressed in saltasaurines in general and in Neuquensaurus in particular.  
The proximal caudal centra exhibit convex lateral faces. The neural arches are placed in 
the cranial border. Moreover, the transverse processes in the proximalmost caudal, 
depending on the presence or absence of a biconvex proximalmost caudal, in 
Neuquensaurus is deep, extending from centrum to neural arch. In the rest of the 
proximal sequence, the transverse processes are caudally projected. The zygapophyses 
are relatively short.  The neural spines are strongly caudally oriented. The neural arches 
bear well developed laminae such as the pre and postspinal and the spinodiapophyseal 
laminae as well as accessory laminae are present. 
Among of the representatives of Saltasaurinae the presence of biconvex first caudal 
centra is documented (Salgado, et al. 1997a; Kellner, et al. 2005; Novas 2009), but they 
are not a uniform features observed within the group, these features are shared for 
Neuquensaurus and Pellegrinisaurus. Nevertheless, biconvexity in the first caudal 
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vertebrae is not unique to this group of derived sauropod dinosaurs.  The neural spines of 
Neuquensaurus exhibit, in cranial and lateral view, several fossae or cavities which are 
more pronounced near to the prespinal lamina. Thus, in lateral view, in the proximal 
caudal vertebrae, ridges or rims are present in Neuquensaurus. These lateral 
protuberances migrated in different positions through the proximal and proximalmost 
middle caudal sequence (pers. obs.). Another caudal feature which is shared among 
saltasaurines and therefore present in Neuquensaurus, is the presence of well marked 
ventral depressions.  Thus, in the proximal caudal vertebrae of Neuquensaurus 
asymmetric lateral fossae or pleurocoels are documented. 
 The middle caudal centra of Neuquensaurus are procoelous.  The centra increase 
their craniocaudal length as well as the size of the zygapophyses. In contrast, the neural 
spines are low. The neural arches are placed in the anterior portion of the centrum. In the 
middle caudal vertebrae the craniodorsal corner of the neural spines are at the same level 
as the caudal edges of the postzygapophyses, a feature which is considered 
synapomorphic for the clade. Some of the cavities observed in the proximal neural arches 
are also present in the proximal middle caudal vertebrae. Finally, the middle, distal as 
well as the proximal caudal vertebrae of Neuquensaurus exhibit cancellous bone. 
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RESULTS 
 
 Although several previous works described and plotted the soft tissue present in the 
tail of lepidosaurs and crocodilians, the dissections herein performed add significant 
information to the specific aims of this current work. The two alligators exhibit both 
caudal muscles, the M. caudofemoralis brevis (CFB) and the M. caudofemoralis longus 
(CFL). The small hypaxial muscle, the CFB, exhibits thin layer shape. Thus, this muscle 
overlaps with the proximal end of the CFL (i.e. the extreme closest to the femur). The 
origin of this muscle is in the first caudal vertebrae (first and second) and postacetabular 
region and insert in the four trochanter, jointed tendinously, the CFL. The larger most 
hypaxial muscle, the CFL displays a tubular shape. The proximal end is wider than the 
distal end, which becomes narrower to finally finish in an acute distal end (i.e. about the 
vertebra 5/6 decrease in width). The origin in the two alligators currently dissected is in 
the first fourteen caudal vertebrae. Thus, this muscle strongly attaches on the 
lateroventral aspect of the caudal vertebrae in their corresponding chevrons (specifically 
in the first twelve). Likewise, in the union point (i.e. the fourth trochanter), which jointed 
the CFB +CFL, an auxiliary tendon (according to Gatesy, 1990) connects, particularly the 
latter, with the distal end of the femur at the knee junction, contributing to the origin of 
M. gastrocnemius lateralis. Moreover, the M. caudofemoralis longus (CFL) is fully 
covered, through all its extension, by a relatively thick layer of fat. The size of the two 
alligators dissected is different, related to the maturity of the specimens. However, both 
are juvenile representatives. Therefore, the length of the tail varies between them. 
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Regarding the large Alligator which exhibited a total tail length of somewhat 80, 5 cm, 
the CFL length is about 29.6 cm. In the second and smaller Alligator the measure of the 
tail displays a value of 50.2 cm, whereas the CFL length is about 19.1 cm. Therefore, the 
CFL represent in the tail the 36.8 % and the 38.04 % of the total length respectively. 
Moreover, a strong presence of cartilage was documented, particularly filling the spaces 
between the vertebral elements.  The cartilage is present in the entire tail, however, a 
particularly thick layer is clearly visible at the ending of the caudofemoralis longus, 
separating the consecutive caudal vertebrae (13/14 of 15 caudal). 
 Although the lepidosaurs are not encompassed in the EPB, direct observation of the 
soft tissues in the tail of these reptilians was important because of their anatomical 
similarity to archosaurians. Therefore, two lepidosaurs were dissected. The Iguana 
iguana (―Green Iguana‖), exhibited both hypaxial muscles such as the caudofemoralis 
brevis and the caudofemoralis longus. As in the alligators, the CFB was the smallest 
muscle as well as displaying a layer shape, overlapping the CFL. The origin of the CFB 
wa the first caudal vertebra attaching to the ventral aspect of the caudal vertebra. The 
insertion, as in alligators, was by a tendon in the internal trochanter. However, the 
insertion bone correlate of both, the CFB and CFB, is wrapped by a well defined thin 
layer of connective tissue. The large caudofemoralis longus had a tubular shape. 
Nevertheless, it was less robust than in alligators. This size difference may be related to 
the general robustness of tail in both species. As the CFB the insertion was tendinously in 
the internal trochanter (= trochanter major by Chelonia and putative four trochanter by 
Archosauria; Hutchinson, 2001) of the femur, whereas the origin was in first twelve to 
thirteen caudal vertebrae. The M. caudofemoralis longus attached strongly in the 
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chevrons as well as in the lateral aspect of the caudal centra. The tendon for the insertion 
in the internal trochanter, deeply inserted into the CFL, reaching somewhat more than the 
half of the total length of the muscle. Moreover, as in alligators, the auxillary tendon, 
which connected the CFB + CFL with the distal end of the femur (i.e. knee region), was 
present in the Green Iguana. The total length of the tail in the latter was 67.4 cm, whereas 
the length of the CFL was 18.4 cm, which represented 27.29% of the total length of the 
tail. Although, some indication of fat was present in I. iguana, the amount in the tail was 
significantly less than in alligators. The same pattern can be inferred in the presence of 
cartilage. 
 In Cyclura cornuta (―Rhino Iguana‖), the majority of the soft tissue aspects present 
in Iguana iguana were observed in the Rhino iguana. However, there are some others 
which differentiated the former from the latter. Regarding this, the caudofemoralis longus 
was more robust and longer than those observed in the green iguana. Thus, although the 
shape, insertion and origin are the same, the M. caudofemoralis brevis was joined in its 
origin by an auxiliary tendon, which linked this muscle with the proximal end of the 
femur in its junction with the pelvic girdle. Thus, the connective tissue observed in 
Iguana iguana, which wraped the tendon and part of the muscles (CFB + CFL) was also 
present in Cyclura cornuta. However, in the latter, this tissue was much more abundant 
and clearly distinguishable.  
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DISCUSSION 
Soft tissue: inferences 
 Based on the Extant Phylogenetic Bracket approach, the presence in the tail of the 
titanosaurian sauropods of the M. caudofemoralis longus (CFL) is decisive and positive 
(I‘). Because this muscle is observed in crocodilians and several groups of birds. Otero 
and Vizca no (2008) mention that the origin of the M. caudofemoralis longus in living 
archosaurians is a subject of discussion. However, in the information herein recovered as 
well as in previous works (see above) the origin of that hypaxial muscle is in the first 
12/14 caudal vertebrae and their corresponding chevrons. Moreover, although highly 
modified, the origin of the M. caudofemoralis pars caudalis (=CFL in crocodilians) is the 
ventrolateral aspect of the fused caudal vertebrae. Therefore, the origin, attach surface as 
well as the insertion of this muscle in titanosaurian must be considered as Level I‘ [(i.e 
decisive and positive, according to Witmer, 1995, 1997), Table, 4.3]. Thus, the M. 
caudofemoralis brevis and the M. caudofemoralis pars pelvica in extant crocodilians and 
birds are present, although modified in the Neornithes. Unlike, secondarily reduced in 
some Neornithes clades, as proposed for Otero and Vizca no (2008), the CFP and the 
 FB may be included within the inference level I‘ (decisive and positive). In addition, the 
presence of a tendon by the insertion of both hypaxial muscles, is another of the soft 
tissue elements which may be included within Level I‘ of inference.  In the other hand, 
several aspect of the soft tissue, such as the secondary tendon [possibly lost in birds, as 
result of, the CFC and four trochanter reduction (Hutchinson, 2001)] the connective 
tissue in the insertion point, the thick layer of fat covering the CFL, and the high presence 
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of cartilage, require more speculation (i.e. Level II‘). Owing to the fact that, those soft 
tissues are present in one of the brackets, as such crocodilians. Nevertheless, because of 
the similitude of the tail of the latter with titanosaurian, those tissues could be an 
important evolutionary factor for that group of sauropod dinosaurs. 
Morphological implications 
 The proximal and the proximalmost middle caudal centra in Andesaurus, MPM PV 
1156 (Figs. 4.6; 4.7) and Neuquensaurus, exhibit morphological variation in the lateral 
and ventral surfaces.  Regarding this, in the caudal section of MPM PV 1156 
corresponding to the caudal vertebrae 2 to 9, morphological changes of the lateral and 
ventral morphology are present. For example, in this section of the tail, the lateral 
surfaces (according to Salgado and Garc a, 2002, Primary lateral surfaces) are high and 
progressively, they became narrow distally. About the caudal vertebra 8-9, the primary 
lateral surface is restricted to the ventrolateral portion of the centrum. Thus, in the 
subsequent caudal vertebrae, the lateral primary surface is replaced for a nearly vertical 
secondary lateral surface (sensu Salgado and Garc a, 2002). As result, the lateral surface 
of the centrum, exhibits a quadrangular to subquadrangular shape as well as in this 
section of the tail the centra are less cranicaudally concave.  The same morphological 
pattern is described by the Patagonian titanosaurus Laplatasaurus (―Titanosaurus‖) 
araukanicus (Salgado and Garc a, 2002). However, in the latter, in caudal view, the 
centra which correspond to the caudal 7-10, are dorsoventrally inclined (i.e. the caudal 
vertebrae display ―heart-shaped‖), a feature which is not observed in MPM PV 1156. 
This caudal lateral variation is interpreted as a consequence of the morphology, origin 
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and attachment of the caudal hypaxial myology, particularly the caudofemoral 
musculature. Conversely, the lateral caudal morphology of Neuquensaurus exhibits 
differences from those seen in MPM PV 1156 and Laplatasaurus araukanicus. Regarding 
this, the proximal section of the tail of the former, shows a well marked rim. This rim, 
placed below the transverse processes, positionally migrates to the ventral aspect of the 
proximal caudals, ending somewhat in the caudal vertebra 7, which may represent the 
end of the M. caudofemoralis longus. Nevertheless, MPM PV 1156 differs from 
Neuquensaurus, in having ventrally narrow surface centra through the proximal section 
of the tail, in contrast to the relatively wide ventral surfaces of the latter. Similarly, in 
Neuquensaurus, and MPM PV 1156 either the rim or the ventrolateral secondary lateral 
surface are correlated with the loss of the transverse processes. Gatesy (1995), mentioned 
the ―transition point‖ in order to define the extension of the  FL in theropod dinosaur 
tails.  This point is characterized for the absence of the transverse processes, the 
elongation of the cranial zygapophyses, and the presence of cranial and caudal process 
projections in the distal end of the chevrons. Thus, this ―transition point‖ which, 
probably, delimited the extension of the caudofemoralis longus in the proximal portion of 
the tail, is relatively well correlated with crocodilians (Gatesy, 1995, pers. obs.). All these 
osteological correlates described by theropod dinosaurs, also can be extensible to those 
observed in MPM PV 1156 and potentially in Neuquensaurus (Fig. 4.8). The 
ventrolateral positioned secondary lateral surface of MPM PV 1156, which is herein 
interpreted, as the ―end point‖ of the caudofemoralis longus correlates with the loss of 
transverse process in the proximal caudal sequence. Thus, at this point, the 
prezygapophyses are markedly longer. Moreover, the proximal chevrons of MPM PV 
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1156 display strong cranicaudally expanded distal bony blades. The expansion of the 
bony blade decreases distally, correlating with the putative ―end point‖ of the M. 
caudofemoralis longus. This feature observed in the proximal chevrons, is also present in 
the diplodocid sauropod Seismosaurus halli (Gillette, 1991). Therefore, besides the 
strong attachment surface for the CFL, this feature may represent a homoplastic feature 
which appears independently two times within Neosauropoda (i.e. in Diplodocidae and 
Titanosauria). However, is important to highlight that both taxa are among the largest 
sauropod dinosaurs. Therefore, the strongly bony blade expansion may be considered a 
feature related with the size in general and the size of the tail in particular.  
 In the basalmost representative of Titanosauria, Andesaurus, the features 
aforementioned, which correlate to the caudal musculature, are not present in this basal 
form. However, the proximal and the proximalmost middle caudal vertebrae display 
several features which potentially are related to the soft tissue in general and the hypaxial 
musculature in particular. Regarding this, the proximal caudals exhibit relatively high 
lateral surfaces which are inclined dorsoventrally, resulting in a narrow ventral surface. 
Thus the transverse processes are well defined until somewhat the caudal 14 and in the 
rest of the caudal sequence a vestige of them are present (pers. obs.). In the distal middle 
caudal vertebrae longitudinal rims or ridges are present, which may represent a 
continuation of the transverse processes. Therefore, following the interpretation above 
mentioned, it is possible that the M. caudofemoralis longus attaches in the lateral aspect 
of the caudal centra and in the chevrons. Thus, the rims or ridges could represent the 
dorsal limit for the caudofemoral muscle and therefore in basal titanosaurian or at least in 
Andesaurus, that hypaxial muscle may have been craniocaudally longer than in MPM PV 
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1156 and Neuquensaurus.  bout it, Salgado and Garc a (2002) mentioned that the 
craniocaudal extension of the CFL in Neuquensaurus and Pellegrinisaurus powelli 
(Salgado, 1996) is somewhat the caudal vertebra 6-7, whereas in Laplatasaurus 
araukanicus is about the caudal 9. Thus, the same authors, suggest that in the North 
American titanosaurus, Alamasaurus sanjuanensis the extension of the caudofemoralis is 
more distal than the aforementioned taxa (caudal ?19). In addition, here is interpreted that 
in MPM PV 1156 the caudofemoralis longus craniocaudal length, may reach the caudal 
vertebra 9-10. Thus, if this interpretation is correct, in Andesaurus the M. caudofemoralis 
longus could extend beyond caudal 17. Therefore, the robustness and the craniocaudal 
length of the M. caudofemoralis longus, may have played an important evolutionary role, 
regarding the morpho-functional and phylogenetic aspects in the tail of titanosaurian 
sauropods (see below). 
 The caudal vertebrae currently analyzed, particularly MPM PV 1156, displays 
several bony scars which may be associated with soft tissue. For example, in MPM PV 
1156-2, in the dorsal aspect of the transverse processes shows slightly marked grooves. 
These grooves could be related with ligaments which connect the distal end of the 
transverse processes with the base of the neural spine. Thus, in MPM PV 1156/ 4-5 
asymmetric concavities, on the right side of the cranial articular surface as well as several 
foramens on the lateral surfaces are present. The foramens must represent a nutritive 
point for the caudal vertebrae, whereas the concavities could be inferred as the origin by a 
short lateral muscle or a surface related with a connecting ligament. Nevertheless, based 
on the Extant Phylogenetic Bracket approach, specifically the grooves and the 
asymmetric concavities, the inference of these bony scars are decisive and negative 
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(Level III‘). Therefore, their anatomical function requires more speculation. Moreover, 
either MPM PV 1156 or Neuquensaurus exhibit several cavities or fossae on the cranial 
and lateral aspect of the proximal neural spines and in the particular case of the latter, in 
one side of the caudal proximal centra (pers. obs.). The asymmetric condition of cavities, 
laminae and fossae, taxonomically are controversial (Santucci and Bertini, 2006b; Casal 
and Ibiricu, 2010 in press.). However, these osteological correlates may be related to the 
presence of soft tissue in these caudal elements. Thus, these osteological bony scars may 
be considered morphological, functional, and potentially taxonomic significant. 
Nevertheless, as in the aforementioned bony marks (i.e. grooves and asymmetric 
concavities), because they show ambiguous osteological correlates can only be 
reconstructed in levels, which range from Level II‘ and Level III‘. Finally, although 
encompassed in Level II‘ of inference, the caudal vertebrae of the titanosaurian herein 
analyzed in particular and the titanosaurian in general may have been filled with cartilage 
as in extant crocodilians. 
Phylogenetic implications 
 As mentioned above, Andesaurus, MPM PV 1156 and Neuquensaurus are placed in 
different subgroups within Titanosauria. Therefore, the selection of these three sauropod 
taxa is adequate in order to test the phylogenetic implications of soft tissue on the 
titanosaurian tail. Regarding this, Andesaurus is placed as the basalmost representative of 
Titanosauria whereas Neuquensaurus is positioned as a derived titanosaurus (i.e. within 
Saltasaurinae). Thus, based on the caudal morphology, MPM PV 1156 is placed between 
the former and the latter in a broad titanosaurian subgroup. 
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 Salgado and Garc a (2002) hypothesized about the influence of caudal musculature 
on the caudal morphology, a hypothesis here supported. However, their phylogenetic 
implications remain unclear. As mentioned above, there are two main points necessary to 
interpret the phylogenetic significance of the caudal musculature, particularly the M. 
caudofemoralis longus. These points are the morphological caudal variation in the lateral 
surfaces of the centra and the length and attachment of the CFL. The presence of ridges 
or rims, which positionally migrated ventrally, as in Neuquensaurus may represent a 
derivate state within Titanosauria. On the other hand, within the group which the lateral 
rim is absent, there are two different morphological types. The caudal centra in which the 
primary lateral surface, about caudal 9-10, is replaced by the secondary (e.g. 
Laplatasaurus araukanicus, MPM PV 1156) represents one of the morpho-type. Thus, 
the presence of longitudinal lateral ridge or protuberances, probably the morphological 
distal continuation of the transverse processes, represents the second morpho-type [e.g. 
Andesaurus and Epachthosaurus sciuttoi (Mart nez et al., 2004)]. Therefore, three 
evolutionary states are proposed by Titanosauria: lateral protuberance on the lateral 
aspect of the caudal vertebrae, which are present at least until caudal 20  (considered state 
0); proximal lateral surface (primary lateral surface), becoming narrow ventrally, and 
somewhat caudal 9-12 replace by the secondary lateral surface ( considered state 1); and 
the presence on the lateral aspect of a rim, which migrate and about caudal 7 placed in the 
ventrolateral corner of the centrum (considered state 2). All these osteological scars are 
related to the attachment of the M. caudofemoralis longus. Moreover, among the caudal 
synapomorphies which characterized saltasaurines (e.g. Neuquensaurus, Saltasaurus) is 
having dorsoventrally compressed proximal centra and slightly convex lateral surfaces 
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(Salgado, 1997). Therefore, this caudal lateral morphology may highly influence for the 
caudofemoral musculature. Conversely, in most basal titanosaurs the lateral morphology 
of the caudal centra is different to those seen in saltasaurines. However, the general 
lateral surfaces of the caudal centra display morphological variation which allows their 
taxonomic and morphological distinction. Nevertheless, this lateral caudal morphological 
variation is herein interpreted as a consequence of the caudal musculature. 
 In Neornithes the evolutionary trend of the caudal musculature is the reduction, and 
in some cases the loss. On the other hand, crocodilians exhibit a well marked and large 
CFL. This difference observed in these two brackets of Archosauria, may be related with 
the specific function of the tail (see below). However, the craniocaudal extension of the 
caudofemoral musculature is currently herein considered as a phylogenetic factor within 
Titanosauria. As mentioned above, the origin in the two alligators currently dissected is 
in the first fourteen caudal vertebrae. In Neuquensaurus, according to this analysis, the 
M. caudofemoralis longus extends until the caudal vertebra 7, whereas in MPM PV 1156 
and Laplatasaurus araukanicus is somewhat between caudal 9 to 12. Conversely, in basal 
titanosaurian such as Andesaurus and E. sciuttoi, the caudafemoralis extension is more 
distal than the caudal 12. The ―transition point‖ or ―ending point‖ of the M. 
caudofemoralis longus, is determined for the ventrolateral placed rim, the replacement of 
the primary lateral surface for the secondary and the presence of longitudinal ridge on the 
middle line of the caudal centra. Thus, this point correlates with the absence of the 
transverse processes (e.g. Neuquensaurus and MPM PV 1156) or the putative 
continuation, as vestige, of them (e.g. Andesaurus). In addition, changes in size and 
morphological shape of the haemal arches also are observed and correlated with this 
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point. Therefore, three evolutionary states may be inferred: M. caudofemoralis longus 
extension, ending in caudal 17 or distally (state 0); between caudal 9 and 12 (state 1); or 
ending in caudal 7 (state 2). Finally, the aforementioned morphological pattern can also 
be observed in titanosaurus which the caudal sequence are well represented [e.g. see 
Kellner and Azevedo, 1999; Gondwanatitan faustoi (pag. 118, fig.6); Campos et al., 
2005; Trigonosaurus pricei (pag. 585, figs 25-26); Kellner et al., 2005; Baurutitan britoi 
(pag. 548,552, figs. 16-19)]. 
Morphofunctional implications 
 The main objective of this current work is not to analyze deeply the mechanic 
function of the soft tissue on the tail. However, briefly, some aspects related with the 
implications of soft tissue, particularly the musculature, are proposed. The main function 
of the caudofemoral musculature (CFL + CFB) is the retraction of the femur. Its function 
exhibit some modification in birds, which decoupled and adapted for flying as well as for 
their bipedal stance. There two main factor which should be considered, are the general 
evolution of the fourth trochanter and the angle which the M. caudofemoralis longus 
insert. Regarding to the first of these factor, in theropod dinosaurs, the fourth trochanter 
is prominent in basal forms (e.g. Ceratosauria and Carnosauria), whereas in derived 
forms it is weakly developed or absent (Coelurosauria and Maniraptora)(Gatesy, 1995; 
Hutchinson, 2001). Conversely, in titanosaurian sauropods, as in crocodilians and 
lepidosaurs, the fourth trochanter by the insertion of the caudofemoral musculature, is 
strongly developed. However, their position in the shaft of the femur is different within 
the group. In Neuquensaurus the total length of the femur is about 79 cm, whereas the 
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mid-point of the fourth trochanter is placed somewhat 33 cm of the proximal end of the 
femur. In MPM PV 1156, the total length is 1.95 cm and the   mid-point of the fourth 
trochanter is located about 90 cm of the femoral head. Unfortunately, the femur of 
Andesaurus was not completely preserved (Calvo and Bonaparte, 1991), however, in one 
of the putative close related taxa, Epachthosaurus sciuttoi, the femur length is 1.10. Thus, 
in the latter, the fourth trochanter is placed somewhat 49.5 cm of the proximal end. All 
these measurements indicate that in Neuquensaurus the fourth trochanter is closer to the 
femoral head than in MPM PV and E. sciuttoi respectively. This position of the 
caudofemoral musculature insertion point, suggests changes in their locomotor functional 
morphology. Bonnan, (2004), mentions that the position in the femoral shaft of the fourth 
trochanter, may influence the functional aspects of the femur. Similarly, the morpho-
functional suggestions proposed by Bonnan (2004) for the diplodocids, Apatosaurus and 
Diplodocus and by the basal macronarian Camarasaurus are currently inferred.  
Therefore, the proximally situated fourth trochanter in Neuquensaurus suggests that this 
titanosaurus increases the range of femoral retraction, but decreasing the torque or 
moment of force in the femoral head (i.e. the tendency of the force to rotate). Conversely, 
either in MPM PV 1156 or Epachthosaurus sciuttoi, in which the fourth trochanter is 
more distally located, increases the torque, but decreases the femoral retraction. 
Moreover, the joint effectiveness is a function of the distance of the tendon (in this case 
the common tendon which inserts in the fourth trochanter and united the CFB and the 
CFL) from the axis of movement (in this particular case the head of the femur). Therefore 
closest is the ―angle pull‖ (i.e. angle between the action line of the muscle and the 
mechanical axis of the femur) to 90 the effectiveness increase. In this analysis, is 
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suggested that the pull angle of Neuquensaurus is closer to right angle than MPM PV 
1156 and Andesaurus or Epachthosaurus respectively. 
 Moreover, in addition to the soft tissue implications, the morpho-functional aspects 
are strongly related with osteological aspects. For example, hyposphene-hypantrum 
articulations in the dorsal vertebrae are present in several saurischian dinosaur clades, 
although these accessory intervertebral articulations are absent in saltasaurid 
titanosaurians (Wilson and Carrano, 1999; Apesteguía, 2005). This loss of hyposphene-
hypantrum articulations in derived titanosaurians was generally accompanied by the 
evolution of strongly opisthocoelous distal dorsal vertebrae. Wilson and Carrano (1999) 
suggest that this adjustment increased the range of dorsal motion in this group of 
Cretaceous sauropods. Because a similar ball-and-socket morphology is present in the 
caudal vertebrae of many titanosaurids, comparable flexibility probably extended 
throughout the tail as well. Dorsal tail motion was also enhanced by the biconvexity of 
the first caudal vertebra present in several derived titanosaurian taxa such as 
Alamosaurus, Neuquensaurus, Pellegrinisaurus (Gilmore, 1922; Salgado, 1996; Salgado 
et al., 2005), and possibly Aeolosaurus (Salgado et al., 1997b). This, combined with the 
procoelous centra of the successive vertebrae, conferred far more flexibility to the tails of 
derived titanosaurians than in other sauropods (Wilson and Carrano, 1999). Therefore, 
although more detailed morpho-functional studies must be performed, based on the 
morpho-functional implications aforementioned, the tail of Neuquensaurus (and therefore 
saltasaurines) may have been more functionally effective than, for example, MPM PV 
1156 and basal titanosaurian respectively. As an example of this, Neuquensaurus could 
potentially reach to tripod position, using the tail for this purpose. Conversely, this stance 
271 
 
 
 
could be mechano-functionally difficult, particularly by basal titanosaurian such as 
Andesaurus and Epachthosaurus sciuttoi.  
 Finally, the implications aforementioned are being inferred without considering 
other aspects of the soft tissue and the osteology such as cartilage, ligaments and internal 
bone texture. However, simplifying the number of variables, when the objective is 
interpreting the morpho-functional patterns, can be profitable (Bonnan, 2004). 
 
CONCLUSIONS 
 
 The well known caudal sequences of Andesaurus, Epachthosaurus sciuttoi, MPM 
PV 1156 and Neuquensaurus represent excellent taxa for the reconstruction of soft tissue 
and their implications on the morphology, phylogeny and morpho-functional patterns. 
Thus, the Extant Phylogenetic Bracket approach constitutes a well supported method for 
the identification of osteological correlates and soft tissue limiting the level of 
speculation. Comparison of the caudal vertebrae morphology of the aforementioned 
titanosaurian taxa as well as other titanosaurian sauropods, show differences herein 
interpreted for the presence of soft tissue, particularly the hypaxial caudal musculature. 
The attachment of the M. caudofemoralis longus determinates three caudal lateral surface 
morpho-type. Likewise, as proposed by Salgado and Garc a (2002), the important role 
which the musculature may have played in the evolution of the caudal vertebrae is 
supported. Moreover, the soft tissue in general and the hypaxial musculature in particular, 
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show enough evidence to infer the phylogenetic implications by Titanosauria. 
Furthermore, the position of the fourth trochanter in the femoral shaft as well as the angle 
formed by the insertion of the common tendon and the muscle attachment could be 
interpreted as an important factor in the morpho-functional patterns of titanosaurian 
sauropods. Finally, based on the osteological and soft tissue aspects, the general 
effectiveness of the tail, including flexibility and stress, in Neuquensaurus could be more 
functionally adapted than in basal titanosaurian (e.g. Andesaurus and Epachthosaurus 
sciuttoi) and lithostrotian titanosaurian (e.g. MPM PV 1156).  
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Table 4.1: Muscle, origin, insertion and function in Crocodylia. Abbreviations: CFB, muscle caudofemoralis brevis; CFL, 
muscle caudofemoralis longus. 
                         Crocodylia 
 Muscle Origin Insertion Function 
CFB 
Postacetabular ilium/first 
caudal 
Femoral fourth 
trochanter Limb retraction  
 
  
 
 
  
 
CFB 
Lateral surfaces of caudal 
centra+ lateral surfaces of 
proximal and proximalmost 
middle chevrons  Femoral fourth trochanter 
Limb retraction + long axis 
rotation and adduction of the 
leg + lateral tail flexion 
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Table 4.2: Muscle, origin, insertion and function in Aves. Abbreviations: CFC, muscle caudofemoralis pars caudalis; CFP, 
muscle caudofemoralis pars pelvica. 
 
  
Aves 
 Muscle Insertion Origin Function 
CFP 
Ventral surfaces of 
caudal vertebrae 
Caudolateral surface of the 
femur 
Control of tail feathers + 
coacti- vation (hamstrings + 
quadricepts) musculature 
       
 
    
 
Ventral surfaces of 
caudal 
 
Control of tail feathers + 
coacti- 
CFC 
vertebrae + ventral 
surface 
Caudolateral surface of the 
femur 
vation (hamstrings + 
quadricepts) 
  pygostyle   musculature 
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Table 4.3: Muscle origin and insertion inferred by Andesaurus salgadoi, MPM-PV 1156 
and Neuquensaurus australis. Abbreviations: CFB, muscle caudofemoralis brevis; CFL, 
muscle caudofemoralis longus; In, insertion; Or, origin. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Taxon CFB/Or: 
Andesaurus delgadoi Last sacral vertebrae + first caudal vertebra 
MPM-PV1156 Last sacral vertebrae + first caudal vertebra 
Neuquensaurus 
australis Last sacral vertebrae + first caudal vertebra 
 
CFB/In: 
Andesaurus delgadoi By a tendon in femoral fourth trochanter 
MPM-PV1156 By a tendon in femoral fourth trochanter 
Neuquensaurus 
australis By a tendon in femoral fourth trochanter 
 
CFL/Or: 
Andesaurus delgadoi 
Lateral surface (centra + Chevrons)/C15 to 
distally 
MPM-PV1156 Lateral surface (centra + Chevrons)/C9-C10 
Neuquensaurus 
australis Lateral surface (centra + Chevrons)/ C6 - C7 
 
CFL/In: 
Andesaurus delgadoi By a tendon in femoral fourth trochanter 
MPM-PV1156 By a tendon in femoral fourth trochanter 
Neuquensaurus 
australis By a tendon in femoral fourth trochanter 
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Figure 4.1: Phylogenetic framework. Based on Otero and Vizca no (2008). 
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Figure 4.2: Alligator mississippiensis; A, Dorsolateral view; B, dorsolateral view 
showing the hindlimb and the tail musculature. Scale bars equals 10 cm. 
 
 
 
 
Figure 4.3: Alligator mississippiensis. Abbreviations: CFB, muscle caudofemoralis 
brevis; CFL, muscle caudofemoralis longus;  T, ―common‖ tendon; FT, layer of fat; ST, 
secondary tendon. 
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Figure 4.4: Iguana iguana. 
 
 
 
 
 
Figure 4.5: Iguana iguana. Abbreviations: CFB, muscle caudofemoralis brevis; CFL, 
muscle caudofemoralis longus; T1, tendon 1(insertion); T2, tendon 2 (insertion). 
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Figure 4.6: MPM-PV 1156, partial articulate caudal sequence. Abbreviations: C1-C13, 
caudal vertebrae first to thirteen; PLS, primary lateral surface; SLS, secondary lateral 
surface. 
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Figure 4.7: Caudal sequence 5-9, in cranial (A) and lateral (B) views, showing the 
relative development of the primary lateral surfaces and their replacement by the 
secondary lateral surfaces. (Based on MPM-PV 1156 and Salgado nd Garc a, 2002). 
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Figure 4.8: Schematic reconstruction of the caudal sequence and the proposed 
anatomical relationships for the caudofemoralis brevis and caudofemoralis longus 
muscles. A; Andesaurus delgadoi, B; MPM-PV 1156, C; Neuquensaurus australis. 
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CHAPTER 5: THE SOUTHERNMOST RECORDS OF REBBACHISAURIDAE 
(SAUROPODA: DIPLODOCOIDEA), FROM THE EARLY LATE 
CRETACEOUS OF CENTRAL PATAGONIA 
 
ABSTRACT 
 
We describe new and redescribe previously discovered sauropod dinosaur material from 
the Upper Cretaceous (middle Cenomanian-Coniacian) Bajo Barreal Formation of south-
central Chubut Province, central Patagonia, Argentina. The remains consist of associated 
and isolated axial skeletal elements recovered from three separate localities, and are 
herein assigned to the morphologically aberrant basal diplodocoid clade 
Rebbachisauridae. Several of the fossils exhibit osteological characters that were 
previously undocumented in rebbachisaurids, enhancing our understanding of the 
morphological diversity of this enigmatic sauropod group. In particular, the Bajo Barreal 
material demonstrates the occurrence within Rebbachisauridae of bifurcate neural spines 
in cervical vertebrae and well-developed, presumably pneumatic fossae in caudal 
vertebrae; among Diplodocoidea, these distinctive morphologies had previously been 
recognized only in flagellicaudatans. Furthermore, the Bajo Barreal fossils constitute the 
southernmost known occurrences of Diplodocoidea, adding to the globally sparse Late 
Cretaceous record of these sauropods and augmenting our knowledge of central 
Patagonian terrestrial vertebrate assemblages during this interval. We propose that, at 
least in southern South America, a reduction in land area resulting from early Late 
Cretaceous paleogeographic changes was a causal factor in the extinction of 
Rebbachisauridae and therefore of Diplodocoidea.     
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INTRODUCTION 
 
The fossil record of sauropod dinosaurs in the Cretaceous of South America is 
diverse and well represented. Although titanosaurians are by far the most common South 
American Cretaceous sauropods (Salgado and Bonaparte, 2007), remains of diplodocoids 
are also relatively abundant during the early and middle stages of the period (Novas, 
2009). The South American diplodocoid record includes members of Rebbachisauridae (a 
poorly known lineage with bizarre craniodental specializations; see Sereno et al., 2007) 
and the short-necked, tall-spined Dicraeosauridae, as well as taxa of uncertain systematic 
position, such as Zapalasaurus bonapartei (Salgado et al., 2006a) and perhaps the 
enigmatic sauropod Agustinia ligabuei (Bonaparte, 1999a; Salgado and Bonaparte, 2007; 
Novas, 2009). 
Bonaparte (1997) was the first to recognize Rebbachisauridae as a distinct 
sauropod clade; based on their analysis of Limaysaurus (= Rebbachisaurus) tessonei, 
Calvo and Salgado (1995) were the first to cladistically support the relationship between 
rebbachisaurids and diplodocids (Salgado et al., 2004; Salgado and Bonaparte, 2007). 
Most rebbachisaurids, including the first-reported member of the group, Rebbachisaurus 
garasbae (Lavocat, 1954), are known only from fragmentary or incompletely described 
fossils. Exceptions include another North African form, Nigersaurus taqueti (Sereno et 
al., 1999, 2007; Sereno and Wilson, 2005), and the Argentinean genus Limaysaurus 
(Calvo and Salgado, 1995; Calvo, 1999; Salgado et al., 2004), from the Early and middle 
Cretaceous, respectively. Although recently described specimens of these and other taxa 
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have added substantial morphological and phylogenetic information to our understanding 
of Rebbachisauridae, the ingroup relationships of the clade have yet to be completely 
deciphered (Gallina and Apesteguía, 2005; Mannion, 2009; Whitlock, in press). 
Rebbachisauridae is typically recovered as the sister taxon of Flagellicaudata, the group 
that unites Diplodocidae and Dicraeosauridae (Harris and Dodson, 2004; Salgado and 
Bonaparte, 2007). Thus, rebbachisaurids are widely considered to be a basal lineage 
within Diplodocoidea (e.g., Wilson, 2002; Upchurch et al., 2004a; Whitlock, in press).  
Here we report on newly identified rebbachisaurid axial skeletal remains from 
sediments of the Upper Cretaceous (middle Cenomanian-Coniacian) Bajo Barreal 
Formation exposed at three localities in south-central Chubut Province, central Patagonia, 
Argentina (Fig. 5.1), and discuss the implications of this material for diplodocoid 
morphological diversity, evolution, and paleobiogeography. The fossils are significant in 
that they 1) add to the generally sparse global record of Cretaceous, especially Late 
Cretaceous, diplodocoids; 2) constitute the southernmost occurrences of Diplodocoidea 
worldwide; 3) exhibit osteological characters that have never previously been 
documented in Rebbachisauridae, some of which also occur in Flagellicaudata; and 4) 
establish the presence of rebbachisaurids in the Bajo Barreal Formation, which enlarges 
the known fossil fauna of this unit and therefore broadens our knowledge of the early 
Late Cretaceous continental vertebrate assemblages of central Patagonia. 
Repository Abbreviations—MMCH, Museo Municipal Ernesto Bachmann, Villa El 
Chocón; MPCA, Museo Provincial Carlos Ameghino, Cipolletti; MPS, Museo de 
Dinosaurios–Paleontología, Salas de los Infantes, Burgos; Pv-MOZ, Museo Profesor Dr. 
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Juan Olsacher, Zapala; UFMA, Universidade Federal do Maranhão, São Luís; UNPSJB, 
Universidad Nacional de la Patagonia San Juan Bosco, Comodoro Rivadavia. 
Geological Setting 
The south-central region of Chubut Province, Argentina exposes excellent 
outcrops of continental Cretaceous sedimentary sequences that were deposited in the San 
Jorge Basin. Cretaceous strata in the basin include (in ascending order) the D-129, 
Matasiete, Castillo, Bajo Barreal, and Laguna Palacios formations. The Bajo Barreal 
Formation, which transitionally overlies the Castillo Formation and underlies the Laguna 
Palacios Formation, is of particular paleontological and biostratigraphic interest due to 
the diversity and significance of its fossil vertebrate assemblage.  
The Bajo Barreal Formation is presently differentiated into two stratigraphic 
members, the Lower Member and the Upper Member, both of which crop out extensively 
at sites in the vicinity of Lago Musters (e.g., the estancias [ranches] Laguna Palacios, Los 
Sauces, and Ocho Hermanos; Fig. 5.1). Sediments of the Bajo Barreal Formation exposed 
at these localities were deposited during the early stages of the Late Cretaceous (middle 
Cenomanian-Coniacian [Archangelsky et al., 1994; Bridge et al., 2000; Lamanna et al., 
2002]), and have yielded a diverse fauna that includes turtles, crocodyliforms, pterosaurs, 
abelisauroid and tetanuran theropods, diplodocoid and titanosauriform sauropods, and the 
small-bodied ornithopod Notohypsilophodon comodorensis (Lamanna et al., 2002:table 
5.1; Ibiricu et al., 2010). Most of these fossil tetrapods come from the Lower Member. 
The rebbachisaurid material reported herein was recovered from upper levels of the 
Lower Member exposed on the estancias Ocho Hermanos and Los Sauces, and 
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lowermost strata of the Upper Member exposed on the Estancia Laguna Palacios (Fig. 
5.2). 
Outcrops of the Bajo Barreal Formation vary in thickness at different localities. 
At the Estancia Ocho Hermanos, this unit is approximately 255 m thick (Mart nez et al., 
1986; Rodr guez, 1993).  t the Estancia Los Sauces, it is 180 m in thickness (Sciutto and 
Mart nez, 1994), whereas at the nearby Estancia Laguna Palacios it is 166 m thick 
(Sciutto and Martínez, 1997). The Lower Member is comprised of fluvially-deposited 
sediments. Its base consists primarily of mudstone with minor sandstone intercalations; 
sandstones increase in prevalence toward the top of the unit. The Upper Member consists 
of claystones and gray-brown mudstones that predominate over fluvial sandstones. 
Systematic Paleontology 
Dinosauria Owen, 1842 
Saurischia Seeley, 1887 
Sauropodomorpha von Huene, 1932 
Sauropoda Marsh, 1878 
Diplodocoidea Upchurch, 1995 
Rebbachisauridae (Bonaparte, 1997) indet. 
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 Material: UNPSJB-PV 1005, an isolated, nearly complete anterior or middle cervical 
vertebra; UNPSJB-PV 580, an isolated, nearly complete anterior caudal vertebra; and 
UNPSJB-PV 1004, an associated but fragmentary caudal series consisting of an anterior 
vertebra (UNPSJB-PV 1004/1) and neural arch (UNPSJB-PV 1004/2), a middle vertebra 
(UNPSJB-PV 1004/3) and neural arch (UNPSJB-PV 1004/4), and two anterior to middle 
haemal arches (UNPSJB-PV 1004/5 and UNPSJB-PV 1004/6). Although it is presently 
impossible to determine whether or not all the materials belong to a single taxon, they all 
exhibit morphological characteristics of Rebbachisauridae (see below). 
Localities and horizons: Estancia Ocho Hermanos (UNPSJB-PV 1005), Estancia Los 
Sauces (UNPSJB-PV 580), and Estancia Laguna Palacios (UNPSJB-PV 1004), in the 
vicinity of Lago Musters, south-central Chubut Province, central Patagonia, Argentina 
(Fig. 5.1). Upper portion of the Lower Member (UNPSJB-PV 1005, UNPSJB-PV 580) 
and lowermost portion of the Upper Member (UNPSJB-PV 1004) of the Bajo Barreal 
Formation (Upper Cretaceous: middle Cenomanian-Coniacian [Archangelsky et al., 
1994; Bridge et al., 2000; Lamanna et al., 2002; Martínez et al., 2004b]; Fig. 5.2). 
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DESCRIPTION 
Terminology  
The nomenclature of vertebral fossae employed here is that of Britt (1993), with 
selected terms added or slightly modified from Harris (2006a); that of laminae is from 
Wilson (1999), with selected terms added from Calvo and Salgado (1995) and Gallina 
and Apesteguía (2005). 
Anterior or middle cervical vertebra (UNPSJB-PV 1005; Fig. 5.3)  
Among the most anatomically informative of the remains described here is an 
isolated, well-preserved, nearly complete cervical vertebra (UNPSJB-PV 1005) that was 
recovered from the Estancia Ocho Hermanos in the early 1990s and briefly mentioned by 
Martínez (1998) and Lamanna et al. (2001). We interpret this specimen as pertaining to 
the anterior or middle portion of the neck. Unfortunately, the vertebra lacks its 
anteroventral corner, so the position of the cervical rib articulation that often serves as an 
indicator of general serial position cannot be determined. However, the overall 
morphology of the element, as well as comparisons with well-represented cervical 
sequences in other diplodocoid taxa, supports this positional assignment. 
The vertebra preserves the posterior two-thirds of the low, elongate centrum and 
almost all of the neural arch, the latter missing only the anterior portion of its left side. 
The posterior articular surface of the centrum is strongly concave and subcircular in 
contour, substantially wider transversely than tall dorsoventrally (Table 5.1). The ventral 
margin of the centrum extends further posteriorly than the dorsal; consequently, the 
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posterior articular cotyle is approximately twice as deep ventrally (~28 mm) as it is 
dorsally (~14 mm). The central portion of the cotyle is floored by a subcircular, flattened 
area approximately 21 mm in diameter. On both of its lateral surfaces, the centrum bears 
a well-defined, ovoid pneumatic fossa (―pleurocoel‖) that extends for approximately half 
of the preserved centrum length. These fossae are posteriorly acute and anteriorly 
delimited by a thin, obliquely-oriented ridge (the ―pleurocentral lamina‖ of  alvo and 
Salgado [1995]). The depths of the pneumatic fossae are unknown because they remain 
filled with matrix. Although the anterior half of the centrum is missing, sufficient space 
exists anterior to the pleurocentral lamina that there may have been a second pair of 
pneumatic fossae anterior to the one preserved. The ventral surface of the centrum is 
gently concave in lateral view, and possesses a prominent longitudinal keel that divides 
the surface into two flat, ventrolaterally-facing planes.   
Anteriorly, the ventrolateral extreme of the neural arch bears a low, 
anteroposteriorly elongate infradiapophyseal fossa that is bordered ventrally by a thin, 
subhorizontal ridge and dorsally by the posterior centrodiapophyseal lamina. The neural 
canal is subcircular and occupies most of the base of the neural arch. The 
centroprezygapophyseal lamina is transversely expanded dorsally, with a faint, triangular 
anterior peduncular fossa (the ―cranial peduncular fossa‖ of Britt [1993] and ―cranial 
infrazygapophyseal fossa‖ of Harris [2006a]) occupying its dorsomedial end, 
immediately ventral to the intraprezygapophyseal lamina. On both lateral sides of the 
neural arch, prominent posterior centrodiapophyseal and postzygodiapophyseal laminae 
link the diapophysis with the posterodorsal margin of the centrum and the 
postzygapophysis, respectively, delimiting the subtriangular, deeply concave 
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infrapostzygapophyseal fossa, which bears several marked rugosities. Anterior 
centrodiapophyseal and prezygodiapophyseal laminae are observed on the better-
preserved right side of the neural arch as well, and collectively define a deep 
infraprezygapophyseal fossa. Immediately dorsal to the postzygodiapophyseal lamina, the 
large, subtriangular parazygapophyseal fossa is bordered anteriorly by the 
spinoprezygapophyseal lamina and posteriorly by the spinopostzygapophyseal lamina. 
The anteroventral sector of this fossa is crossed by a slightly anterodorsally-oriented 
lamina (the ―accessory lamina‖ of  alvo and Salgado [1995] and ―accessory lamina 1‖ of 
Gallina and Apesteguía [2005]) that connects the postzygodiapophyseal lamina and the 
posteroventral base of the prezygapophysis. 
The preserved right prezygapophysis is directed anterodorsally; its ovoid articular 
facet is wide and dorsomedially oriented. The postzygapophyses are located 
posteroventral to the neural spine, and have flat, ventrolaterally facing articular facets that 
are, like the preserved prezygapophyseal facet, wide and ovoid. Dorsal to the 
postzygapophyseal facets, the rugose epipophyses project caudodorsally. 
The subvertically (dorsally and slightly posteriorly) oriented neural spine is 
located dorsal to the posterior half of the centrum and is very tall, approximately twice 
the dorsoventral height of the centrum (such that the neural arch as a whole is more than 
three times taller than the centrum [Table 5.1]). At its base, the anterior surface of the 
spine exhibits a low, sagittally-positioned prespinal lamina. More dorsally, this lamina 
grades into a fainter ridge that ascends the right side of the anterior surface, intimating 
that the prespinal lamina may have been bifurcate. The posterior surface of the neural 
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spine is occupied by a deep postspinal fossa that is bounded laterally by the 
spinopostzygapophyseal and centropostzygapophyseal laminae. This fossa contains a 
short but well-developed, vertical postspinal lamina that extends to its base. Uniquely 
among known rebbachisaurid cervical vertebrae, the neural spine is dorsally bifid, 
forming a pair of metapophyses. Though breakage may have slightly exaggerated its 
apparent depth, this bifurcation is clearly not a taphonomic artifact. This interpretation is 
further supported by the asymmetry of the prespinal lamina described above. 
Anterior caudal vertebra (UNPSJB-PV 580; Fig. 5.4) 
This nearly complete diplodocoid caudal vertebra was initially described by 
Sciutto and Martínez (1994), who assigned it to Diplodocidae. Below, we redescribe the 
specimen and reassess its systematic affinities.  
UNPSJB-PV 580 was very anteriorly situated in the tail of the sauropod to which 
it pertained, probably occupying the first or second position in the caudal sequence. Both 
articular surfaces of its anteroposteriorly compressed centrum are subcircular in contour 
and concave, the posterior surface slightly more so than the anterior. Each lateral surface 
bears a small but well-defined, presumably pneumatic fossa that is subdivided by a thin, 
well-developed, obliquely-oriented lamina. Ventrally, the centrum is anteroposteriorly 
concave in lateral view, and devoid of sulci, ridges, and foramina. 
The dorsolaterally-directed left transverse process is wing-like and generally 
anteroposteriorly compressed. It consists of comparatively anteroposteriorly thick, 
dorsally- and ventrally-situated components (termed ―bars‖ by Gallina and Otero [2009]) 
that are united by a thinner but continuous ―web‖ of bone. The ventral component 
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originates just dorsal to the lateral centrum foramen, whereas the dorsal component is 
nearly level with the dorsoventral plane of the prezygapophyses. The ventral component 
is noticeably more robust than the dorsal, both anteroposteriorly and dorsoventrally. The 
neural arch lies toward the anterior border of the centrum and the zygapophyses are 
small. The slightly anterodorsally-projecting prezygapophyses are connected 
ventromedially by a pronounced intraprezygapophyseal lamina, and their articular facets 
face dorsomedially. The postzygapophyses lie slightly dorsal to the level of the 
prezygapophyses and are clearly visible in lateral view; their articular surfaces face 
ventrolaterally. The small neural canal opens immediately ventral to the level of the 
prezygapophyses, and is bounded dorsally by the intraprezygapophyseal lamina. 
The neural spine is slightly more than twice the height of the centrum and is 
inclined posteriorly. The spine displays several fossae that are bounded by well-
developed prespinal, postspinal, spinoprezygapophyseal, and spinopostzygapophyseal 
laminae that are of similar thickness. Although damaged and slightly distorted by 
diagenesis, the neural spine exhibits a marked lateral lamina that is the result of the union 
of two laminae, the spinoprezygapophyseal and probably the spinodiapophyseal laminae.  
Anterior caudal neural arch (UNPSJB-PV 1004/2; Fig. 5.5 A-C)  
The entirety of this complete neural arch is dorsoventrally shorter than the neural 
spine alone of UNPSJB-PV 580. This distinction suggests that, of the two vertebrae, 
UNPSJB-PV 1004/2 is the more posteriorly positioned (provided that, as appears to be 
the case, the sauropod individuals to which they pertained were comparable in size). The 
specimen resembles the corresponding region of UNPSJB-PV 580 in having small 
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zygapophyses and in being embayed by marked fossae toward the base of the neural 
spine. As in that vertebra, these fossae are framed by well developed prespinal, 
spinoprezygapophyseal, postspinal, and spinopostzygapophyseal laminae that are of 
similar thickness. Moreover, lateral laminae are present on the neural spine, and are again 
formed by the spinoprezygapophyseal and probably the spinodiapophyseal laminae. 
Indeed, the only substantial difference between the neural arches of UNPSJB-PV 580 and 
UNPSJB-PV 1004/2 is the lower height of the neural spine in the latter. 
Anterior caudal vertebra (UNPSJB-PV 1004/1; Fig. 5.5 D-E)  
Based on morphological comparisons with UNPSJB-PV 1004/2 and UNPSJB-PV 
580, we identify UNPSJB-PV 1004/1 as an anterior caudal that occupied a position 
posterior to either of the former vertebrae. Although this vertebra has suffered some 
diagenetic deformation, most of its regions are nearly complete, with the exception of the 
transverse processes. The centrum is anteroposteriorly compressed, although less so than 
that of UNPSJB-PV 580, and has subcircular articular surfaces. The posterior surface is 
slightly concave, whereas the anterior is less so; these conditions may at least partly 
result from deformation. There is a single small, presumably pneumatic fossa on both 
lateral surfaces. 
The neural arch lies dorsal to the anterior margin of the centrum, and the well 
defined, subcircular neural canal opens immediately ventral to the level of the 
zygapophyses. The right lateral surface preserves part of the dorsal margin of the 
transverse process. The anterodorsally-projecting prezygapophyses are united by a short 
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intraprezygapophyseal lamina that floors a marked fossa. Lateral to this fossa, on both 
sides, are two pronounced cavities.  
The neural spine is slightly shorter than that of UNPSJB-PV 1004/2. The base of 
the spine possesses large anterolateral concavities that are bounded by 
spinoprezygapophyseal and prespinal laminae. On the posterior surface of the neural 
arch, a foramen is present just dorsal to the neural canal. 
 Middle caudal neural arch (UNPSJB-PV 1004/4; Fig. 5.6A)  
This essentially complete middle caudal neural arch preserves the base, 
zygapophyses, and neural spine. The prezygapophyses are short and anteriorly directed 
and, as in the caudals described above, are united by an intraprezygapophyseal lamina. 
The postzygapophyses are slightly posterodorsally oriented and shorter than the 
prezygapophyses. The anteroposteriorly wide neural spine is directed posteriorly, and its 
posterodorsal apex only just surpasses the postzygapophyses posteriorly. 
Middle caudal vertebra (UNPSJB-PV 1004/3; Fig. 5.6 B-C) 
UNPSJB-PV 1004/3 is a middle caudal vertebra that is moderately 
taphonomically distorted but preserves all major structures. Morphological comparisons 
with the other preserved caudal remains suggest that, relative to UNPSJB-PV 1004/4, 
UNPSJB-PV 1004/3 occupied a slightly more posterior position in the middle caudal 
sequence. Its centrum is slightly amphicoelous to amphiplatyan, possesses subcircular 
articular surfaces, and is moderately wider than tall. The lateral surfaces are flat dorsally, 
but become slightly concave ventrally, yielding a longitudinal ridge at the approximate 
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dorsoventral midline of the centrum. Ventrally, the centrum exhibits a fairly pronounced 
groove, although diagenetic deformation may have exaggerated this feature. 
The neural arch arises from the anterior and middle parts of the centrum, though 
its base does not extend to the anterior edge. The short prezygapophyses barely surpass 
the anteroposterior plane of the anterior margin of the centrum. As observed in anterior 
view, the prezygapophyses are united by a thin intraprezygapophyseal lamina, dorsal to 
which is a fossa. The neural spine extends posterodorsally and its tip slightly surpasses 
the posterior edge of the centrum.  
Haemal arches (UNPSJB-PV 1004/5, UNPSJB-PV 1004/6; Fig. 5.7) 
Two haemal arches are preserved. Although both probably pertain to the anterior 
or middle part of the caudal sequence, UNPSJB-PV 1004/5 is likely from a more anterior 
position than is UNPSJB-PV 1004/6. Both are characterized by an open haemal canal and 
the corresponding absence of a dorsal ―crus‖. The haemal canal in UNPSJB-PV 1004/5 
occupies approximately one-third of the total dorsoventral length of the element. 
Articular surfaces are well developed in this arch, and its blade is relatively long and 
laterally compressed ventral to the canal. In the more posteriorly-situated haemal arch 
UNPSJB-PV 1004/6, the haemal canal occupies roughly 50% of the total length of the 
bone. This specimen also has well developed articular surfaces and a laterally 
compressed blade, but the ventral portion of its blade projects posteriorly, rendering the 
element ―L‖-shaped in lateral view.  
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                                         COMPARISON 
 
To ascertain the evolutionary affinities of the sauropod remains described herein 
within Diplodocoidea, and particularly within Rebbachisauridae, we compared the fossils 
to corresponding skeletal elements in a number of diplodocoid or putative diplodocoid 
taxa: the rebbachisaurids Cathartesaura anaerobica (Gallina and Apesteguía, 2005), 
Limaysaurus spp. (Calvo and Salgado, 1995; Calvo, 1999; Salgado et al., 2004), 
Nigersaurus taqueti (Sereno et al., 1999, 2007; Sereno and Wilson, 2005), 
Rebbachisaurus garasbae (Lavocat, 1954), and an unnamed form from Spain (MPS-RV 
II; Torcida Fernández-Baldor et al., 2001; Pereda Suberbiola et al., 2003); the 
dicraeosaurids Amargasaurus cazaui (Salgado and Bonaparte, 1991), Brachytrachelopan 
mesai (Rauhut et al., 2005), and Dicraeosaurus spp. (Janensch, 1929); the diplodocids 
Apatosaurus spp. (e.g., Riggs, 1903; Gilmore, 1936; Upchurch et al., 2004b), Barosaurus 
lentus (Lull, 1919; McIntosh, 2005), Dinheirosaurus lourinhanensis (Bonaparte and 
Mateus, 1999), Diplodocus spp. (e.g., Osborn, 1899; Hatcher, 1901; Gilmore, 1932), 
Supersaurus vivianae (Jensen, 1985; Lovelace et al., 2007), and Tornieria africana 
(Remes, 2006); the systematically unresolved diplodocoids Amazonsaurus maranhensis 
(Carvalho et al., 2003), Suuwassea emilieae (Harris and Dodson, 2004; Harris, 2006a), 
and Zapalasaurus bonapartei (Salgado et al., 2006a); and the controversial neosauropod 
Australodocus bohetii (which was assigned to Diplodocidae by Remes [2007] but 
removed to Macronaria by Whitlock [in press]).  
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The centrum of the anterior or middle cervical vertebra (UNPSJB-PV 1005) 
resembles those of rebbachisaurids, diplodocids, Suuwassea, Zapalasaurus, and 
Australodocus in having a well-developed, ovoid pneumatic fossa on both of its 
posterolateral surfaces. The position and morphology of this fossa are similar to those 
observed in rebbachisaurids (e.g., Cathartesaura, Limaysaurus, Nigersaurus) and some 
flagellicaudatans (e.g., Apatosaurus, Suuwassea). Derived diplodocids (e.g., Barosaurus, 
Dinheirosaurus, Diplodocus), however, exhibit a more complex pattern of posterolateral 
centrum pneumatization characterized by the presence of accessory cavities and laminae 
(Bonaparte and Mateus, 1999; McIntosh, 2005). Conversely, cervical centra of 
undisputed representatives of Dicraeosauridae lack well-defined posterolateral pneumatic 
fossae (Janensch, 1929; Salgado and Bonaparte, 1991; Rauhut et al., 2005). The 
estimated anteroposterior length of the centrum of UNPSJB-PV 1005 is approximately 
three times greater than its posterior dorsoventral height (Table 1). Thus, its proportions 
resemble those of other diplodocoids, with the exceptions of Nigersaurus (Sereno et al., 
2007:fig. 3B) and diplodocids more derived than Apatosaurus, in which the middle 
cervical centra are four or more times longer than tall (Whitlock, in press). Ventrally, the 
UNPSJB-PV 1005 centrum possesses a low, sagittal keel; such keels are uncommon in 
diplodocoid cervicals but have been reported in Dinheirosaurus (Bonaparte and Mateus, 
1999:17) and dicraeosaurids (e.g., Brachytrachelopan, Dicraeosaurus). Nevertheless, the 
ventral surfaces of most Dicraeosaurus cervicals exhibit deep fossae separated by the 
ventral keel (e.g., Harris, 2006a:text-fig. 2), whereas there are no such fossae in 
UNPSJB-PV 1005.  
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In the Bajo Barreal cervical, the centroprezygapophyseal lamina is dorsally 
expanded, but not divided as in diplodocids and reportedly in Nigersaurus and MPS-RV 
II as well (Sereno et al., 2007; Whitlock, in press). The accessory lamina that connects 
the postzygodiapophyseal lamina and prezygapophysis is a distinctive feature that the 
Bajo Barreal cervical shares only with the limaysaurine rebbachisaurids Cathartesaura 
and Limaysaurus. Conversely, although these differences might be due to positional 
variation, UNPSJB-PV 1005 lacks the ―suprapostzygapophyseal accessory lamina‖ that 
occurs in posterior cervicals of these limaysaurines (Calvo and Salgado, 1995:fig. 8B; 
Gallina and Apesteguía, 2005:fig. 2A) as well as the strut that connects the 
prezygodiapophyseal lamina and centrum in Cathartesaura (―accessory lamina 2‖ of 
Gallina and Apesteguía [2005]). Similarly, the Bajo Barreal vertebra does not possess the 
prezygapophyseal-epipophyseal lamina that is prominent in the fifth cervical of 
Nigersaurus (Sereno et al., 2007:fig. 3B) and that probably also occurs in Zapalasaurus 
(Salgado et al., 2006a:fig. 4  [―podl (sz)‖]; Whitlock, in press). The neural spine of 
UNPSJB-PV 1005 is divided by a shallow but well-defined notch comparable to that in 
the sixth cervical of Suuwassea (Harris, 2006a:text-fig. 7A, C). This dorsally bifurcate 
neural spine is unique among non-flagellicaudatan diplodocoids. 
The posterior surface of the centrum of the very anteriorly positioned caudal 
vertebra UNPSJB-PV 580 is slightly more concave than the anterior, as in anterior 
caudals of Limaysaurus sp. (Salgado et al., 2004). Anterior caudal centra of other 
rebbachisaurids exhibit similar morphologies: those of Limaysaurus tessonei are 
described as platycoelous (Calvo and Salgado, 1995), while the centrum of the single 
known anterior caudal of Cathartesaura is amphiplatyan (Gallina and Apesteguía, 2005). 
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The centra of the anteriormost known caudals of the Spanish rebbachisaurid MPS-RV II 
have flat anterior and slightly concave posterior surfaces (Pereda Suberbiola et al., 2003). 
All known caudals of Zapalasaurus are amphicoelous (Salgado et al., 2006a). In contrast, 
flagellicaudatans have weakly procoelous anteriormost caudal vertebrae (Salgado et al., 
2004); moreover, in some diplodocids (e.g., Diplodocus carnegii; Hatcher, 1901), 
procoely extends posteriorly through much of the anterior caudal series. The well-
developed, presumably pneumatic fossae (―pleurocoels‖) in the centrum are a striking 
character of the Bajo Barreal caudal. Within Diplodocoidea, such structures are well 
documented only in diplodocids more derived than Apatosaurus (Whitlock, in press). 
Interestingly, however, comparable, though much more dorsally-positioned, foramina 
occur in a possible rebbachisaurid anterior caudal centrum from the Cenomanian of 
Brazil (UFMA 1.10.283; Medeiros and Schultz, 2004:276, figs. 2D, 3). Moreover, 
judging from a published photograph (Sereno et al., 2007:fig. 3D), the eighth caudal 
centrum of Nigersaurus may also possess a lateral pneumatic fossa. The ventral surface 
of the UNPSJB-PV 580 centrum is flat and essentially featureless, thereby differing from 
the condition in anterior caudals of most other diplodocoids, which exhibit either a series 
of irregularly-placed nutrient foramina (Suuwassea), one or more longitudinal grooves or 
sulci (Limaysaurus tessonei, MPS-RV II, Barosaurus, Diplodocus, Tornieria), a sagittal 
keel (Apatosaurus, Supersaurus), or a combination of the first two morphologies 
(Dicraeosaurus hansemanni) in this region (see Harris, 2006a; Remes, 2006; Lovelace et 
al., 2007).  
The general morphology of the wing-like transverse process of UNPSJB-PV 580 
is comparable to those of most diplodocoids, although the presence of thickened dorsal 
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and ventral components, where the ventral component is more robust than the dorsal, 
differs from the condition in all flagellicaudatans except Apatosaurus. In the Bajo Barreal 
form, as in most diplodocoids, the dorsal and ventral components of transverse processes 
are connected by an anteroposteriorly thinner but continuous bony ―web‖. In this regard, 
UNPSJB-PV 580 contrasts with Limaysaurus tessonei (Calvo and Salgado, 1995) and 
some Apatosaurus specimens (Gilmore, 1936), in which the anterior caudal transverse 
processes are perforated by large fenestrae. Cathartesaura possesses wing-like transverse 
processes similar to that of UNPSJB-PV 580 (Gallina and Apesteguía, 2005; Gallina and 
Otero, 2009), but the two forms differ in the development of the ventral component, 
which is seemingly more pronounced in the former. Moreover, in Cathartesaura, the 
ventral component is more strongly arched dorsally, while the dorsal component is 
comparatively shorter mediolaterally than in the Bajo Barreal specimen. The transverse 
process of UNPSJB-PV 580 is directed strongly dorsolaterally, as in Cathartesaura, 
Limaysaurus, MPS-RV II, Dicraeosaurus, and Zapalasaurus, and in contrast to the more 
laterally-oriented processes of diplodocids. The prezygapophyses are noticeably less 
anterodorsally elongate than in the anterior caudals of Nigersaurus, Dicraeosaurus, 
diplodocids, Amazonsaurus (Carvalho et al., 2003:fig. 8C, D, F), and Zapalasaurus, 
though in some cases (e.g., Nigersaurus, Amazonsaurus, Zapalasaurus) this difference 
could conceivably be due to positional rather than taxonomic variation.  
The neural spine of the Bajo Barreal vertebra resembles those of diplodocoids in 
general and rebbachisaurids in particular. It is approximately twice as tall dorsoventrally 
as the centrum. Similarly elevated anteriormost caudal neural spines occur in 
Limaysaurus tessonei (Calvo and Salgado, 1995) and Dicraeosaurus hansemanni; neural 
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spines of Cathartesaura and Dicraeosaurus sattleri are proportionally even taller, while 
those of diplodocids are invariably shorter (approximately 1.5 times the height of the 
centrum, except in Supersaurus where they are lower [Lovelace et al., 2007:fig. 6]). The 
UNPSJB-PV 580 neural spine is transversely expanded toward its dorsal apex, being 
broader than anteroposteriorly long, as in virtually all diplodocoids for which anterior 
caudal neural spines are preserved. The spine of the Bajo Barreal caudal is transversely 
constricted at its mid-length; as such, its contour in anteroposterior view appears 
intermediate between the ―petal-shaped‖, gradually dorsally expanded neural spines of 
Nigersaurus, MPS-RV II, Dicraeosaurus, Amazonsaurus, and some specimens of 
Limaysaurus tessonei (Calvo and Salgado, 1995:fig. 10A; but see Calvo, 1999:fig. 3) and 
the more rectangular spines of diplodocids. UNPSJB-PV 580 lacks the very abrupt dorsal 
transverse expansion seen in Supersaurus (Lovelace et al., 2007) and anteriormost 
caudals of some Apatosaurus specimens (e.g., Gilmore, 1936:pl. 33; fig. 1A, C). In 
lateral view, the neural spine of the Bajo Barreal vertebra is straight, as in figured anterior 
caudals of Limaysaurus tessonei, Nigersaurus, most flagellicaudatans, and 
Amazonsaurus, rather than noticeably curved anteriorly towards its dorsal extreme as in 
Cathartesaura, MPS-RV II, Dicraeosaurus hansemanni (Janensch, 1929:pl. III), and 
Zapalasaurus (Salgado et al., 2006a:fig. 5.4). The spinoprezygapophyseal lamina appears 
to extend onto the lateral aspect of the neural spine, as is common in Diplodocoidea, and, 
although imperfect preservation renders this difficult to confirm, probably merges with 
the spinodiapophyseal lamina to form the lateral lamina. In contrast, in anterior caudals 
of most other diplodocoids, the lateral lamina is comprised of the conjoined 
spinoprezygapophyseal and spinopostzygapophyseal laminae (Wilson, 1999; Whitlock, 
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in press); exceptions include Nigersaurus (Sereno et al., 2007:fig. 3D), Dicraeosaurus 
(Janensch, 1929), Amazonsaurus (Carvalho et al., 2003), Zapalasaurus (Salgado et al., 
2006a:702), and possibly MPS-RV II (Pereda Suberbiola et al., 2003). The lateral 
laminae of UNPSJB-PV 580 lack the prominent, triangular lateral projections present in 
the nigersaurine rebbachisaurids Nigersaurus (Sereno et al., 2007:fig. 3D) and MPS-RV 
II (Pereda Suberbiola et al., 2003:fig. 2B, C, E), and that also reportedly occur in 
Zapalasaurus (Whitlock, in press). Unlike the condition in Nigersaurus and MPS-RV II 
(Sereno et al., 2007; Whitlock, in press), there is no substantial depression between the 
lateral and postspinal laminae (i.e., the posterior edge of the postspinal lamina is not 
markedly expanded transversely as in at least the Spanish form [see Pereda Suberbiola et 
al., 2003:fig. 2E]). Although the dorsalmost tip of the neural spine is imperfectly 
preserved, there is no indication of the bifurcation observed in Diplodocus (Osborn, 
1899; Hatcher, 1901). The anterior caudals of UNPSJB-PV 1004 differ only slightly from 
UNPSJB-PV 580, and in aspects consistent with their slightly more posterior position in 
the caudal sequence (e.g., lower neural spine height); these similarities mean that the 
same comparative criteria outlined above apply to these vertebrae as well.  
The centrum of the middle caudal vertebra UNPSJB-PV 1004/3 is either 
amphiplatyan or shallowly amphicoelous; diagenetic deformation renders the precise 
condition of its articular surfaces difficult to determine. Regardless, diplodocoid middle 
caudal centra typically exhibit one of these two morphologies. Relative to its dorsoventral 
height, the centrum is proportionately intermediate in anteroposterior length between the 
elongate middle caudals of Zapalasaurus (Salgado et al., 2006a:fig. 5) and the derived 
diplodocids Barosaurus, Diplodocus, and Tornieria, and the unusually short centra of 
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Amazonsaurus (Carvalho et al., 2003:figs. 10A, 11A), resembling most other 
diplodocoids in this regard. As in many diplodocoids (e.g., Apatosaurus, Dicraeosaurus, 
Suuwassea), the articular surfaces are roughly circular in anteroposterior view, differing 
from the subtriangular, ventrally broad profiles of Cathartesaura (Gallina and 
Apesteguía, 2005:156), Limaysaurus spp. (Calvo and Salgado, 1995; Salgado et al., 
2004:fig. 4E, I), Amazonsaurus (Carvalho et al., 2003:fig. 11B), and especially UFMA 
1.10.015, UFMA 1.10.168, UFMA 1.10.188, and UFMA 1.10.806, a collection of 
probable rebbachisaurid caudal centra from northeastern Brazil (Medeiros and Schultz, 
2004:fig. 3.1-4). The lateral surfaces of the centrum are not uniformly concave as 
reported in Cathartesaura, Limaysaurus tessonei, and Amazonsaurus. Instead, these 
surfaces possess a single, low, anteroposteriorly-oriented ridge similar to that in some 
comparably positioned caudals of Limaysaurus sp. (Pv-6729-MOZ; Salgado et al., 2004), 
MPS-RV II (Pereda Suberbiola et al., 2003), Apatosaurus (e.g., Upchurch et al., 2004b), 
Dicraeosaurus, and Suuwassea (Harris, 2006a). The ventral surface of UNPSJB-PV 
1004/3 is slightly concave, unlike the condition in Cathartesaura and Amazonsaurus, 
where this surface is described as flat, and that in derived diplodocids (i.e., Barosaurus, 
Diplodocus, Tornieria), the middle caudals of which are characterized by a deep ventral 
groove. In this vertebra, as well as in the middle caudal neural arch UNPSJB-PV 1004/4, 
the zygapophyses are short and the neural spine is posterodorsally inclined. These 
conditions are common in diplodocoids, with a few exceptions (e.g., Diplodocus, where 
the prezygapophyses extend well past the anterior margin of the centrum and the neural 
spine is vertical [Osborn, 1899:fig. 13; Gilmore, 1932:fig. 3]).  
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The haemal arches (UNPSJB-PV 1004/5-6) are characterized by the absence of 
the dorsal ―crus‖, as in rebbachisaurids and macronarian sauropods but not the anterior 
haemal arches of flagellicaudatans. The anteriormost of the two preserved haemal arches, 
UNPSJB-PV 1004/5, possesses a relatively long, straight, laterally compressed shaft 
similar to those of Amazonsaurus (Carvalho et al., 2003:fig. 14). UNPSJB-PV 1004/6, 
which, based on comparisons which the haemal arch series of other diplodocoids (e.g., 
Apatosaurus [Riggs, 1903:fig. 18; Upchurch et al., 2004b:pl. 9]), was probably 
positioned in the middle part of the caudal series, exhibits a moderate ―L‖-shape similar 
to that reported for Limaysaurus tessonei (Carvalho et al., 2003:708). This Bajo Barreal 
haemal arch resembles that illustrated in MPS-RV II (Torcida Fernández-Baldor et al., 
2001:fig. 3), which was purported to pertain to the anterior region of the tail of this 
Spanish rebbachisaurid (Pereda Suberbiola et al., 2003). 
 
DISCUSSION 
Systematic assessment 
The fossils described herein display multiple derived characters that support their 
inclusion in Rebbachisauridae. Cervical vertebra UNPSJB-PV 1005 possesses a low 
longitudinal keel on its ventral surface. In his recent analysis of diplodocoid phylogeny, 
Whitlock (in press:appendix 4) proposed this character as an independently-acquired 
synapomorphy of both Dicraeosauridae and the unnamed clade within Rebbachisauridae 
that unites the subclades Limaysaurinae and Nigersaurinae. Furthermore, within 
Diplodocoidea, the accessory lamina that connects the postzygodiapophyseal lamina and 
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prezygapophysis in UNPSJB-PV 1005 is otherwise known only in Cathartesaura 
anaerobica and Limaysaurus tessonei ( alvo and Salgado, 1995; Gallina and pestegu a, 
2005), and has accordingly been proposed as a synapomorphy of Limaysaurinae 
(Whitlock, in press). Consequently, the Bajo Barreal cervical may be confidently referred 
to Rebbachisauridae, and within that clade, possibly to Limaysaurinae.  
The anterior caudal vertebra UNPSJB-PV 580 and the anterior caudals of 
UNPSJB-PV 1004 also exhibit a number of the synapomorphies of clades within 
Diplodocoidea proposed by Whitlock (in press). Transverse expansion of the neural spine 
and extension of the spinoprezygapophyseal lamina onto the lateral aspect of the neural 
spine are reportedly diagnostic of the clade comprised by Amazonsaurus maranhensis 
and more derived diplodocoids, while winglike transverse processes and elevated neural 
spines are synapomorphies of Rebbachisauridae + Flagellicaudata (= Diplodocimorpha of 
Taylor and Naish [2005]). The dorsolaterally-directed transverse processes of UNPSJB-
PV 580 are synapomorphic of both Amargasaurus cazaui + more derived dicraeosaurids 
and Limaysaurinae + Nigersaurinae. Amphicoelous anterior caudal centra with the 
posterior articular surface more concave than the anterior is a feature shared only by 
UNPSJB-PV 580, UNPSJB-PV 1004 (specifically, UNPSJB-PV 1004/1), and the 
limaysaurine rebbachisaurid Limaysaurus spp. (Salgado et al., 2004). Salgado et al. 
(2004:906) considered this articular surface morphology autapomorphic of the latter 
genus, but its presence in UNPSJB-PV 580 and UNPSJB-PV 1004/1, which are clearly 
distinct from anterior caudals of Limaysaurus in other regards (e.g., pneumatic fossae in 
the centra of both Bajo Barreal vertebrae, transverse processes not fenestrate and neural 
spine transversely constricted at midlength in UNPSJB-PV 580), demonstrates that this 
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character is instead a synapomorphy of Rebbachisauridae or a subclade within, perhaps 
Limaysaurinae. Regardless of the precise level within Rebbachisauridae to which this 
morphology is diagnostic, its presence in UNPSJB-PV 580 and UNPSJB-PV 1004 
indicates that both are referable to this clade. Within Rebbachisauridae, the specimens 
may pertain to Limaysaurinae, but this is less certain. Additional evidence that at least 
UNPSJB-PV 580 may be referable to this Patagonian rebbachisaurid subclade occurs in 
the precise combination of characters manifest in its transverse processes. Within 
Diplodocoidea, winglike transverse processes comprised by dorsolaterally oriented, 
dorsally and ventrally positioned osseous bars connected by a continuous bony web, with 
the ventral bar significantly more robust than the dorsal, are otherwise known only in the 
limaysaurine Cathartesaura (Gallina and Apesteguía, 2005; Gallina and Otero, 2009). In 
summary, all of the fossils described herein are clearly referable to Rebbachisauridae, and 
within that clade, possibly to Limaysaurinae, but we cannot definitively assign the 
specimens to the latter group given the data currently at hand. 
Significance for rebbachisaurid morphology and evolution 
The Bajo Barreal material, specifically anterior-middle cervical vertebra 
UNPSJB-PV 1005 and anterior caudal vertebrae UNPSJB-PV 580 and UNPSJB-PV 
1004/1, exhibits morphological features that are unknown in other definitive 
rebbachisaurids, namely the forked neural spine in UNPSJB-PV 1005 and the presumably 
pneumatic fossae in the centra of UNPSJB-PV 1004/1 and UNPSJB-PV 580, which are 
divided by a thin, obliquely-oriented, well marked lamina in the latter. Intriguingly, 
within Diplodocoidea, bifid cervical neural spines are otherwise known only in 
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flagellicaudatans, and caudal pneumatic fossae only in derived diplodocids (Barosaurus 
lentus, Diplodocus spp., Supersaurus vivianae, and Tornieria africana).  
Bifurcate cervical neural spines appear to have evolved independently several 
times within Sauropoda (Wilson and Sereno, 1998; Tsuihiji, 2004). Indeed, 
Flagellicaudata and some of its subclades are the only presently-recognized sauropod 
groups for which forked neural spines are considered synapomorphic (Wilson, 2005; 
Whitlock, in press). Specifically, according to Whitlock (in press:appendix 4), bifid 
posterior cervical neural spines are a synapomorphy of Flagellicaudata, whereas bifid 
anterior cervical spines were convergently acquired by both Diplodocidae and the 
dicraeosaurid subclade comprised by Amargasaurus, Brachytrachelopan mesai, and 
Dicraeosaurus spp.. UNPSJB-PV 1005 indicates that bifurcate neural spines occur in the 
anterior or middle cervical series of at least one rebbachisaurid taxon as well. It is 
presently unclear whether this morphology constitutes a retention of a plesiomorphic 
state that arose in a more basal diplodocoid clade (e.g., Rebbachisauridae + 
Flagellicaudata of Whitlock [in press]) and was lost in other known rebbachisaurids, or 
whether the condition evolved convergently in the Bajo Barreal form and 
flagellicaudatans.  
UNPSJB-PV 1005 displays a number of additional morphological features, 
probably related to anatomical function and soft tissue attachment, that resemble those in 
cervical vertebrae of other rebbachisaurids. Definitive diplodocid and dicraeosaurid 
cervicals possess an assortment of depressions and non-communicating fossae on the 
surfaces of the neural arch (Wedel and Sanders, 2002; Schwarz and Fritsch, 2006; 
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Schwarz et al., 2007). These structures have been proposed as excavations created by 
pneumatic diverticula (Wedel and Sanders, 2002), attachment sites for hyposomatic 
musculature (Bonaparte, 1999b; Gallina and Apesteguía, 2005), or fossae that functioned 
primarily in weight reduction (McIntosh, 2005; Schwarz and Fritsch, 2006). On the other 
hand, as in the Bajo Barreal vertebra, cervicals of Suuwassea emilieae and 
rebbachisaurids (e.g., Cathartesaura, Limaysaurus) have less complex systems of neural 
arch fossae. The UNPSJB-PV 1005 neural arch also exhibits several probable muscle 
insertion sites, possibly for the M. cervicalis ascendens and M. flexor coli lateralis 
(Wedel and Sanders, 2002; Salgado et al., 2006b). The notch between the metapophyses 
of the neural spine may have housed the ligamentum supraspinale and median epaxial 
musculature (Wedel and Sanders, 2002; Tsuihiji, 2004). 
As with the bifid neural spine of UNPSJB-PV 1005, the pneumatic fossae in the 
centra of anterior caudal vertebrae UNPSJB-PV 580 and UNPSJB-PV 1004/1 may 
represent either a plesiomorphic retention of a basal diplodocoid condition or homoplasy 
between one or more Bajo Barreal rebbachisaurid taxa and derived members of 
Diplodocidae. We favor the latter possibility because, assuming that current 
understanding of the higher-level structure of diplodocoid phylogeny (e.g., Calvo and 
Salgado, 1995; Wilson, 2002; Upchurch et al., 2004a; Rauhut et al., 2005; Taylor and 
Naish, 2005; Harris, 2006b; Whitlock, in press) is basically correct, the former would 
require multiple independent losses of caudal pneumatic fossae within Diplodocoidea. 
Wilson (2002) cited the presence of wing-like transverse processes in the anterior 
caudals as a synapomorphy of the clade comprising Diplodocidae and Dicraeosauridae, 
309 
 
 
 
now known as Flagellicaudata. Nevertheless, the transverse processes of UNPSJB-PV 
580 are also wing-like in morphology, as are those of another rebbachisaurid, 
Cathartesaura (Gallina and Apesteguía, 2005; Gallina and Otero, 2009). Conversely, the 
rebbachisaurid Limaysaurus has repeatedly been reported to lack wing-like transverse 
processes (Calvo and Salgado, 1995; Calvo, 1999; Salgado et al., 2004; Gallina and 
Otero, 2009). The fact that UNPSJB-PV 580, Cathartesaura, and flagellicaudatans all 
show this type of transverse processes supports the hypothesis (proposed by a number of 
workers, e.g., Calvo and Salgado [1995]; Whitlock [in press]) that this condition is a 
synapomorphy of a diplodocoid clade more inclusive than Flagellicaudata (e.g., 
Rebbachisauridae + Flagellicaudata). As originally argued by Calvo and Salgado (1995), 
wing-like transverse processes may subsequently have been lost in Limaysaurus. 
The neural spines of the anterior caudals UNPSJB-PV 580 and UNPSJB-1004/2 
are characterized by the presence of a robust lateral lamina that is formed from the union 
of two laminae, the spinoprezygapophyseal and probably the spinodiapophyseal laminae. 
This morphology is highly comparable, if not identical, to that in Amazonsaurus (Gallina 
and Apesteguía, 2005; contra Carvalho et al., 2003, who argued that the lateral lamina of 
the Brazilian taxon was comprised by the spinoprezygapophyseal and 
postzygodiapophyseal laminae). This suggests that this morphology constitutes a 
synapomorphy of a clade within Diplodocoidea (perhaps Amazonsaurus + more derived 
diplodocoids of Whitlock [in press]), rather than an autapomorphy of Amazonsaurus as 
was provisionally interpreted by Carvalho et al. (2003:707). 
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Paleobiogeographic implications 
Representatives of Rebbachisauridae are currently known only from the Early and 
middle Cretaceous, and predominantly from the Gondwanan landmasses. The clade 
includes the Argentinean taxa Cathartesaura (Gallina and Apesteguía, 2005), 
Limaysaurus (Calvo and Salgado, 1995; Calvo, 1999; Salgado et al., 2004), 
Nopcsaspondylus alarconensis (Nopcsa, 1902; Apesteguía, 2007), and Rayososaurus 
agrioensis (Bonaparte, 1996; Carballido et al., in press), and other, unnamed northern 
Patagonian forms (e.g., MMCH-Pv 49; Apesteguía et al., 2010), as well as the North 
African Nigersaurus taqueti (Sereno et al., 1999, 2007; Sereno and Wilson, 2005) and 
Rebbachisaurus garasbae (Lavocat, 1954). Moreover, several recent discoveries from the 
Early Cretaceous of Europe (Dalla Vecchia, 1998; Naish and Martill, 2001; Torcida 
Fernández-Baldor et al., 2001; Pereda Suberbiola et al., 2003; Mannion, 2009) have 
extended the distribution of this sauropod group to the Northern Hemisphere. Additional, 
putative rebbachisaurids are known from Brazil (Amazonsaurus [Carvalho et al., 2003] 
and generically indeterminate material [Medeiros and Schultz, 2004; Castro et al., 2007]), 
Patagonia (Zapalasaurus bonapartei [Salgado et al., 2006a] and indeterminate material 
[Apesteguía, 2007]), and sub-Saharan Africa (Algoasaurus bauri [Broom, 1904; Canudo 
and Salgado, 2003] and indeterminate material [O‘ onnor et al., 2006]).  
The Cretaceous distribution of Rebbachisauridae is best explained both 
phylogenetically and paleobiogeographically by the extension of its ghost lineage into the 
Middle or Late Jurassic (Carvalho et al., 2003; Pereda Suberbiola et al., 2003; Sereno et 
al., 2007; Whitlock, in press), when dispersal between Laurasia and Gondwana was more 
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feasible for large-bodied terrestrial vertebrates such as sauropods. If rebbachisaurids did 
indeed originate and attain a global distribution in the Jurassic, then the observed absence 
of definitive representatives of the clade in Gondwana during the earliest stages of the 
Cretaceous (i.e., Berriasian-Barremian) and in Laurasia during the middle Cretaceous 
(i.e., in post-Barremian strata) may be the result of regional extinction, taxonomic 
misidentification, the incompleteness of the fossil record, or some combination of these 
factors (Canudo and Salgado, 2003; Carvalho et al., 2003; Canudo et al., 2009). The 
discovery of additional rebbachisaurid fossils, as well as further phylogenetic and 
paleobiogeographic analyses involving these sauropods, may eventually provide firm 
support for one of these alternatives. 
The fossils described herein add to our knowledge of the paleobiogeography of 
Rebbachisauridae, in that they constitute the southernmost known records of the clade 
and of Diplodocoidea as a whole. Prior to the recognition of rebbachisaurid remains from 
the Bajo Barreal Formation of the estancias Laguna Palacios, Los Sauces, and Ocho 
Hermanos in southern Chubut Province, the southernmost definitive record of the clade 
(and of Diplodocoidea in general) was that of the Cathartesaura holotype (MPCA-232), 
from the ―La Buitrera‖ locality of R o Negro Province some 600 km to the north (Gallina 
and Apesteguía, 2005). Consequently, UNPSJB-PV 580, UNPSJB-PV 1004, and 
UNPSJB-PV 1005 extend the distribution of rebbachisaurids to central Patagonia. In so 
doing, these specimens enhance our understanding of the middle Cretaceous continental 
vertebrate assemblages of southern South America. 
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Middle Cretaceous sauropod turnover 
Several authors (e.g., Lamanna et al., 2001; Leanza et al., 2004; Salgado et al., 
2004, 2006a; Coria and Salgado, 2005; Calvo et al., 2006) have called attention to the 
important role that diplodocoid sauropods played in Patagonian paleoecosystems during 
the Early and middle Cretaceous. Rebbachisauridae appears to be the only diplodocoid 
clade to have survived into the Late Cretaceous, possibly as late as the Coniacian (Gallina 
and Apesteguía, 2005; this paper). Coincident with and following the apparent extinction 
of rebbachisaurids (and by extension, Diplodocoidea as a whole) during the early Late 
Cretaceous, titanosaurian sauropods underwent an extensive radiation (Salgado et al., 
2004; Coria and Salgado, 2005; Gallina and Apesteguía, 2005; Apesteguía, 2007). The 
occurrence of basal titanosaurians in Patagonia during the Early and middle Cretaceous 
indicates that these sauropods coexisted with diplodocoids, although the two clades may 
have occupied distinct ecological niches (Salgado et al., 2004; Coria and Salgado, 2005; 
Remes, 2007). In addition to the sauropod fossils described herein, middle Cenomanian-
Coniacian strata of the Bajo Barreal Formation in the San Jorge Basin have yielded 
abundant titanosaurian material (e.g., isolated elements and partial to nearly complete 
skeletons of the basal titanosaurian Epachthosaurus sciuttoi [Powell, 1990, 2003; 
Mart nez et al., 2004b; Casal and Ibiricu, in revision; LMI, pers. obs.]). With the 
documentation of rebbachisaurid remains in these sediments, the coexistence of 
diplodocoids and basal titanosaurians in the early Late Cretaceous of central Patagonia is 
confirmed. In contrast, the only sauropod material thus far recovered from latest 
Cretaceous sediments in the region (Campanian-?Maastrichtian deposits exposed near 
Lago Colhué Huapi and currently assigned to the Upper Member of the Bajo Barreal 
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Formation) pertains to derived titanosaurians (e.g., the holotypic articulated caudal 
sequence of Aeolosaurus colhuehuapensis [Lamanna et al., 2001, 2003; Luna et al., 2003; 
Casal et al., 2007; Ibiricu et al., 2010]). 
There is as yet insufficient evidence to infer the cause(s) of the extinction of 
diplodocoids in general and of rebbachisaurids in particular. Conceivably, this extinction 
may have been influenced by paleoenvironmental and floral changes that occurred during 
the early Late Cretaceous (Coria and Salgado, 2005). Perhaps titanosaurians were able to 
adapt to these changes, but rebbachisaurids were not, allowing the former to exploit new 
resources and outcompete the latter. One such paleoenvironmental shift in the 
Cenomanian, immediately prior to the final separation of South America and Africa 
(Upchurch et al., 2002; Coria and Salgado, 2005), was a reduction in land availability 
caused by a global eustatic transgression (Hancock and Kauffman, 1979; Benton et al., 
2000; Miller et al., 2005). The opening of the South Atlantic, associated with intense 
tectonism, led to the formation of a geographic barrier that probably isolated Patagonia 
from northeastern Brazil (Musacchio, 2000; Carvalho et al., 2003). Thus, during this 
time, northern, central, and southern Patagonia (i.e., the Neuqu n, San Jorge, and Austral 
basins) may have experienced significant areal reductions that reduced habitat varieties 
and limited faunal migration and exchange. MacArthur and Wilson (1967) hypothesized 
that reduction of immigration increases the rate of biotic turnover (i.e., the extinction of 
some species and their replacement by others). Therefore, this areal reduction may have 
been a contributing factor to the middle Cretaceous transition from a comparatively 
diverse, mixed titanosaurian-diplodocoid sauropod assemblage to a strictly titanosaurian 
fauna, at least in southern South America. 
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Table 5.1: Measurements (mm) of rebbachisaurid anterior or middle cervical 
vertebra from the Estancia Ocho Hermanos (UNPSJB-PV 1005). 
*
 = as preserved; 
†
 = 
estimated; 
L
 = left; 
R
 = right. 
Centrum anteroposterior length 187
†
 
Centrum transverse width, posterior 80 
Centrum dorsoventral height, posterior 63 
Neural arch transverse width (across lateral margins of postzygapophyses) 146 
Neural arch dorsoventral height, posterior 201 
Neural spine transverse width 70 
Neural spine dorsoventral height (dorsal margin of postzygapophyses-neural 
spine apex) 
120
L
, 
102
R
 
Maximum anteroposterior length (prezygapophyses-postzygapophyses) 248 
Maximum transverse width (across lateral margins of diapophyses) 173
†
 
Maximum dorsoventral height 264 
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Figure 5.1: Map of Chubut Province, in central Patagonia, Argentina, showing locations 
of sites where rebbachisaurid fossils described herein were discovered (the estancias 
Laguna Palacios, Los Sauces, and Ocho Hermanos). 
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Figure 5.2: Stratigraphy of the Upper Cretaceous Bajo Barreal Formation at selected 
localities that have yielded rebbachisaurid fossils. A, stratigraphic column at the Estancia 
Ocho Hermanos, the site that yielded the anterior or middle cervical vertebra UNPSJB-
PV 1005 (modified from Martínez et al., 1986). B, stratigraphic column at the Estancia 
Laguna Palacios, the site that yielded the associated caudal sequence UNPSJB-PV 1004 
(modified from Sciutto and Martínez, 1997). The approximate stratigraphic position of 
the anterior caudal vertebra UNPSJB-PV 580, from the neighboring Estancia Los Sauces, 
is also indicated. 
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Figure 5.3: Rebbachisaurid anterior or middle cervical vertebra from the Estancia Ocho 
Hermanos (UNPSJB-PV 1005). A, left lateral view. B, right lateral view. C, anterior 
view. D, posterior view. E, dorsal view. F, ventral view. Abbreviations: acdl, anterior 
centrodiapophyseal lamina; al, accessory lamina; apf, anterior peduncular fossa; cpol, 
centropostzygapophyseal lamina; cprl, centroprezygapophyseal lamina; di, diapophysis; 
ep, epipophysis; idf, infradiapophyseal fossa; ipof, infrapostzygapophyseal fossa; iprf, 
infraprezygapophyseal fossa; nc, neural canal; ns, neural spine; pac, posterior articular 
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Figure 5.3, continuation: cotyle; pcdl, posterior centrodiapophyseal lamina; pf, 
pneumatic fossa (= ―pleurocoel‖); pl, pleurocentral lamina; podl, postzygodiapophyseal 
lamina; posf, postspinal fossa; poz, postzygapophysis; prdl, prezygodiapophyseal lamina; 
prsl, prespinal lamina; prz, prezygapophysis; pzf, parazygapophyseal fossa; spol, 
spinopostzygapophyseal lamina; sprl, spinoprezygapophyseal lamina; tprl, 
intraprezygapophyseal lamina; vk, ventral keel. Scale bar equals 10 cm. 
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Figure 5.4: Rebbachisaurid anterior caudal vertebra from the Estancia Los Sauces 
(UNPSJB-PV 580). A, left lateral view. B, anterior view. C, posterior view. 
Abbreviations: aas, anterior articular surface; dctp, dorsal component of transverse 
process; ll, lateral lamina; nc, neural canal; ns, neural spine; pac, posterior articular 
cotyle; pf, pneumatic fossa; posf, postspinal fossa; posl, postspinal lamina; poz, 
postzygapophysis; prsl, prespinal lamina; prz, prezygapophysis; spdl, spinodiapophyseal 
lamina; spol, spinopostzygapophyseal lamina; sprl, spinoprezygapophyseal lamina; tp, 
transverse process; tprl, intraprezygapophyseal lamina; vctp, ventral component of 
transverse process. Scale bar equals 10 cm. 
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Figure 5.5:  Rebbachisaurid anterior caudal vertebrae Estancia Laguna Palacios 
(UNPSJB-PV 1004). A-C, neural arch (UNPSJB-PV 1004/2). A, right lateral view. B, 
anterior view. C, posterior view. D-E, nearly complete vertebra (UNPSJB-PV 1004/1). 
D, anterior view. E, posterior view. Abbreviations: aas, anterior articular surface; ll, 
lateral lamina; nc, neural canal; ns, neural spine; pac, posterior articular cotyle; posf, 
postspinal fossa; posl, postspinal lamina; poz, postzygapophysis; prsl, prespinal lamina; 
prz, prezygapophysis; spdl, spinodiapophyseal lamina; spol, spinopostzygapophyseal 
lamina; sprl, spinoprezygapophyseal lamina; tp, transverse process; tprl, 
intraprezygapophyseal lamina. Scale bars equal 10 cm. 
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Figure 5.6: Rebbachisaurid middle caudal vertebrae from the Estancia Laguna Palacios 
(UNPSJB-PV 1004). A, middle caudal neural arch (UNPSJB-PV 1004/4) in right lateral 
view. B-C, middle caudal vertebra (UNPSJB-PV 1004/3). B, right lateral view. C, 
anterior view. Abbreviations: aas, anterior articular surface; lr, longitudinal ridge; nc, 
neural canal; ns, neural spine; poz, postzygapophysis; prz, prezygapophysis; tprl, 
intraprezygapophyseal lamina. Scale bar equals 10 cm. 
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Figure 5. 7: Rebbachisaurid haemal arches from the Estancia Laguna Palacios (UNPSJB-
PV 1004) in anterior view. A, anterior haemal arch (UNPSJB-PV 1004/5). B, anterior or 
middle haemal arch (UNPSJB-PV 1004/6). Abbreviations: bl, blade; hc, haemal canal. 
Scale bar equals 10 cm. 
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GENERAL CONCLUSIONS 
 
Macronarian sauropods are well-suited for the evolutionary analysis of the caudal 
series because of their well-known caudal osteology and taxonomic diversity. Following 
their occurrence in the middle Jurassic, the group experienced a wide geographical 
distribution and is recorded in the fossil record of all the continents, with the exception of 
Antarctica. Moreover, the caudal vertebrae are particularly well-represented in 
Macronarians and are diagnostic for numerous taxa. This study, based on caudal 
vertebrae morphology, comprises an important source of data for future anatomical, 
phylogenetic and paleobiogeographic analyses. 
A set of caudal characters are proposed here in order to characterize the important 
morphological features of the macronarain subgroup. Although, only some of these 
features are cladistically supported, the set of characters as a whole will help increase our 
knowledge about macronarian caudal morphology and evolution. Moreover, two caudal 
vertebrae nomenclature nominations are proposed. Regarding this, the use of 
characterizations such as procoelous – opisthoplatyan or procoelous- distoplatyan, for the 
caudal vertebrae, in which the cranial articular surfaces are concave and caudal articular 
surfaces are flat, is supported. However, because neither the cranial concavity nor the 
caudal flat ends necessarily reflect incipient procoely, a new combination is suggested, 
―amphicoely-distoplatyan,‖ based on each particular caudal surface articulation. 
Likewise, a new combination is proposed, ―amphicoely-distoprocoelous,‖ when the 
centra displays a cranial concavity less pronounced (e.g. Andesaurus, Chubutisaurus) that 
those seen in lithostrotian sauropods.  
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Yet despite this rich osteological record, the phylogenetic relationships of many 
macronarian taxa and their respective subgroups are controversial or still unsolved. This 
current study, based on caudal analysis, morphologically supports that Aragosaurus and 
Haplochantosaurus may be included as basal macronarians. Thus, the phylogenetic 
analysis (including 45 caudal characters) suggests that either Titanosauriformes or 
titanosaurian subclades need to be reviewed. However, in the latter, a possible solution is 
the inclusion of several new, recently discovered, titanosaurian taxa, particularly those 
from the Late Cretaceous of Brazil. Likewise, the results of the current phylogenetic 
analysis is fairly similar to those obtained in previous ones for the relationship of 
macronarian taxa, particularly for that observed in titanosauriform sauropods. However, 
there are some differences regarding the position of some of the macronarian sauropod 
taxa. 
Patagonian Cretaceous outcrops preserve an important and rich record of 
sauropod dinosaurs. One example is the Pari Aike Formation (Upper Cretaceous, 
Argentina). Caudal anatomical information has been preserved showing that MPM PV 
1156 from the Pari Aike Formation is a titanosaurid probably more closely related to 
aeolosaurines than to basal titanosaurian or to most derived titanosaurus. Thus, in MPM 
PV 1156 five potential autapomorphic features through the caudal sequence are proposed. 
Because MPM PV 1156 represents one of the largest titanosaurians ever recovered, MPM 
PV 1156 constitutes an excellent morphological model for inferring morphofunctional 
and paleobiologic implications. The inclination and development of the lateral caudal 
surfaces support that the musculature was an important factor in the evolution of caudal 
morphology by the titanosaur sauropods in general and this taxon in particular. Moreover, 
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MPM PV 1156/A, possibly a juvenile form of MPM PV 1156, includes caudal features 
which seem to demonstrate ontogenetic plasticity in this taxon. MPM PV 1156/B1-4 
specimens represent the southernmost fossil record of titanosauriform sauropods. This 
study based on the caudal materials of Pari Aike specimens, enhances our understanding 
of the Late Cretaceous continental vertebrate assemblages of southernmost Gondwana. 
Therefore, the discovery and the study of these materials increase our knowledge of the 
sauropod fauna in the ustral basin, allowing their comparison with the Patagonian 
basins such as San Jorge and Neuqu n. Thus, the fossils currently described are 
significant in order to test paleoenvironmental, phylogenetic, and paleobiogeographic 
hypotheses. 
 Soft tissues certainly played an important role in the morphological evolution of 
dinosaurs in general and titanosaurian sauropods in particular. The evolution of the soft 
tissue is a significant factor in the evolution of the skeletal morphology in sauropods. 
Skeletal elements throughout the macronarian tail possess a complex of highly variable 
features (e.g. bony scars, cavities, fossae, laminae and rims). Titanosaurians, because of 
their diversity and comparative abundance in the fossil record, constitute one of the best 
opportunities to evaluate the relationship between soft tissues and morphological patterns 
within Sauropoda. Based on the Extant Phylogenetic Bracket approach, the presence in 
the tail of the titanosaurian sauropods of the M. caudofemoralis longus (CFL) and the M. 
caudofemoralis brevis (CFB) is decisive and positive [(Level I‘)(i.e. these muscles are 
present either in Crocodylia and Aves)].  The presence of a common tendon by the 
insertion of both hypaxial muscles, is another of the soft tissue elements which may be 
included within Level I‘ of inference.  Conversely, several aspect of the soft tissue, such 
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as the secondary tendon (possibly lost in birds; Hutchinson, 2001) the connective tissue 
in the insertion point, the thick layer of fat covering the CFL, and the high presence of 
cartilage, requires more data (i.e. Level II‘). Moreover, as a consequence of the insertion, 
origin and attachment, particularly the M. caudofemoralis longus, three caudal morpho-
type are proposed by Titanosauria. These morphological changes, show morpho-
functional and phylogenetic patterns, which are herein currently interpreted as result of 
evolutionary changes within soft tissue structures, particularly within the musculature. 
 The sister group of Macronaria, Diplodocoidea, is a controversial group. Therefore, 
the Bajo Barreal (Upper Cretaceous, Patagonia) fossils are significant in that they exhibit 
osteological characters that were previously undocumented in rebbachisaurids, enhancing 
our understanding of the morphological diversity of this enigmatic sauropod group.  
Furthermore, the Bajo Barreal fossils constitute the southernmost known occurrences of 
Diplodocoidea, adding to the globally sparse Late Cretaceous record of these sauropods 
and augmenting our knowledge of central Patagonian terrestrial vertebrate assemblages 
during this interval. Thus, it is proposed that, at least in southern South America, a 
reduction in land area resulting from early Late Cretaceous paleogeographic changes was 
a causal factor in the extinction of Rebbachisauridae and therefore of Diplodocoidea.     
The main objective of this work was to analyze the caudal morphology and the 
morphofunctional and phylogenetic implications in that section of the axial skeleton in 
macronarian sauropods. However, other aspects, such as the histology, the biomechanical 
significance, the examination of the caudal changes through time and the exploration of 
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the paleobiogeography and paleoenvironmental patterns related to this portion of the 
skeleton, will be explored in future researchs. 
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